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Abstract
A field study to investigate the air-soil mercury exchange was conducted outside the 
south end of Essex Hall, University of Windsor, Windsor, Ontario from February 10 to 
March 9, 2004. A higher average total gaseous mercury (TGM) concentration (5.9 ng/m3) 
was measured for this site than two rural sites during the same season of 2003. Local and 
regional anthropogenic sources are considered to be the cause. Diurnal variations for both 
TGM concentration and air-soil mercury flux were observed with the maximum during 1100
'y
to 1400 hours followed by a decrease at night. The average mercury flux of 6.4 ng/m /hr 
(emission), estimated during the field study, indicated that the soil was a source of mercury. 
Among various parameters, the TGM concentration was mostly correlated to mercury flux. 
The soil temperature and solar radiation were mostly correlated to the mercury flux among 
the environmental parameters. Overall, a 76.5% variation of mercury flux was explained by 
TGM concentration, soil temperature and total solar radiation.
Disintegration of radiation and soil temperature effects was conducted in a controlled 
chamber study. The radiation was more correlated to the air-soil mercury flux than was the 
soil temperature. The type of light source seems to have an effect on the mercury flux. The 
light source producing mostly visible radiation increased the ratio of mercury flux under the 
light condition to its dark counterpart at the same soil temperature more than the light source 
producing mostly infrared radiation.
Ten models, eight from the chamber study and two from the field study, were 
developed. All models developed from the chamber study were able to predict the mercury 
flux measured in the above-mentioned field campaign within a factor of 3 to 20 except for 
Models 1 and 2, which under predicted the mercury flux for most of the days. Weak
iii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
correlations between the measured and the modeled flux (R2 from 0.07 to 0.27) were 
obtained for all eight models. The two models developed from the field study were able to 
predict measured field fluxes within a factor of 2 to 7, however, with a weak to moderate 
coefficient of determination (0.07 and 0.27) between the measured and the modeled fluxes.
iv
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Mercury (Hg) is highly toxic and hazardous. It has been well known as a 
neurotoxin (U.S.EPA, 2004). Certain compounds, such as mercuric chloride (HgCb) 
and methyl mercury (CHsHg) are identified as human carcinogens (Integrated Risk 
Information System Database, 1995). Very low values of inhalation reference 
concentration (0.0003 mg/m for elemental mercury) and oral reference dose (0.0003 
mg/kg/day and 0.0001 mg/kg/day for inorganic and methyl mercury, respectively) also 
support the severe toxicity of mercury and its compounds (U.S.EPA, 2004). The 
capability of methyl mercury to be bio-accumulated in fishes helps mercury to be 
carried through the food chain and threatens human lives via the consumption of 
mercury contaminated fish.
Among various natural sources responsible for global mercury budget, soil 
surfaces have been recognized as very potent (U.S. EPA, 1997). The most recent 
Canadian inventory estimated an average of 0.48x106 kg/year of mercury emission 
from soil degassing in Canada (Richardson et al., 2003). The involvement of different 
environmental parameters, such as solar radiation and soil temperature, make the air- 
soil mercury exchange a complex process. The solar radiation is observed to have more 
influence on air-soil mercury flux than the soil temperature (Carpi and Lindberg, 1996; 
Zhang et al., 2001). However, the interdependence of solar radiation and soil 
temperature along with the presence of other parameters (e.g., air temperature) in the 
field studies necessitates studies to differentiate between the individual effects of solar
1
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radiation, soil temperature and air temperature. A few controlled chamber studies have 
been conducted to address to the individual effects of solar radiation and soil 
temperature on air-soil mercury exchange (Gustin et al., 1999; Gustin et al., 2002). 
Nevertheless, the UV and a portion of visible radiations (400 ~ 500 nm) were missing 
in these studies whereas in reality both UV radiation and visible might have significant 
effect on air-soil mercury exchange (Zhang et al., 2001). In addition, the use of a high 
soil temperature (30°C or 35°C) is not typical of temperate climates. Therefore more 
studies involving the total spectra of sunlight and different soil temperature are needed.
1.2 Objectives
To study the effects of radiation and temperature on air-surface exchange of 
mercury, separation of their influence on this exchange process is essential. A field 
study was conducted to find the effects of various environmental parameters on the air- 
soil mercury flux. The field study was then followed by a laboratory study to determine 
which parameter, radiation or soil temperature, is more influential on air-soil mercury 
exchange.
The specific objectives of this research are to:
• Quantify the air-soil mercury flux in the field and its dependence on 
different environmental parameters.
• Investigate the separate effects of soil temperature and radiation on air-soil 
exchange of mercury in a controlled environmental chamber.
• Develop models by using chamber study data.
• Determine the applicability of the developed models to the field data.
2
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CHAPTER TWO
LITERATURE REVIEW
2.1 Properties and fate of mercury
Mercury (Hg) is a naturally occurring earth constituent substance. It is the only 
metal being in liquid state at standard temperature and pressure. The atmospheric 
mercury can exist mainly in two oxidation states, namely: gaseous elemental (Hg°) and 
gaseous divalent (Hg(II)) forms. Another abundant form of mercury in air is its 
particulate form, which is the sum of all gaseous forms of mercury deposited on 
atmospheric particles. Hg° is the most dominant form of Hg in air because of its high 
volatility (0.18 Pa @ 20°C), chemical inertness and very low water solubility (Schroeder 
and Munthe, 1998). Elemental mercury’s long residence time (1~2 years) in the 
atmosphere makes it a global pollutant (Slemr et al., 1992; Mason et al., 1994).
Hg(II) is a highly reactive species and much more soluble than Hg°. These 
properties accelerate mercury’s deposition through dry and wet removal processes (Lin 
and Pehkonen, 1999). Therefore, the oxidation of Hg° to Hg (II) increases mercury’s 
chance of entering terrestrial and aquatic systems and coming into contact with the 
aquatic biological environment. The biotic conversion of mercury to its methylated form 
(methyl mercury) yields the most toxic species of mercury, capable of bioaccumulation in 
the food chain and ultimately threatening human life (Boudala et al., 2000). Moreover, 
formation of various volatile mercury species (e.g., CH3HgCl) facilitates the prolonged 
global journey of mercury.
3
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Inhalation, consumption of mercury contaminated fish and dermal contact are the 
major pathways of human exposure to mercury. Unlike polychlorinated biphenyls, 
mercury is adsorbed in fish’s muscles rather than skin or fat. As a result it can’t be 
cooked out or filleted out of the consumable fish. Upon ingestion, methyl mercury can be 
almost completely (>90%) absorbed, thus allowing mercury into the blood stream of 
humans, making it a deadly toxin (WHO, 1990). Both elemental and methyl mercury can 
act as inhibitors to protein synthesis and enzyme functions. Infants may be exposed to 
mercury contamination through their mothers’ blood and breast milk (USGS, 1995) along 
with adult exposure through consumption of mercury contaminated fish. The mercury 
contamination in humans can also cause diseases such as asthma and cancer and 
permanent damage to kidney, lungs and hearing (USGS, 1995).
2.2 Sources of mercury
The sources of mercury can be categorized into three types. They are: 1) 
anthropogenic sources, 2) natural sources and 3) re-emission of deposited mercury 
initially emitted from anthropogenic or natural sources. The anthropogenic sources of 
mercury include waste incinerators, coal combustion units, and various production 
facilities. In addition, the use of mercury in batteries, lamps, thermometers and dentistry 
are regarded as important anthropogenic mercury sources (U.S.EPA and Environment 
Canada, 1999). Recently, gold mines where Hg amalgam is used for extraction purposes 
have been identified as another significant source of mercury (U.S.EPA and Environment 
Canada, 1999). Natural sources of vapor phase mercury, such as surficial soils, water 
bodies, vegetation surfaces, wild fires and volcanoes are considered to be responsible for
4
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1/3 to 1/2 of the total atmospheric mercury budget (Nriagu, 1989). Of different natural 
sources of mercury, soil has been suggested to be a significant one because of its large 
surface area. Seigneur et al. (2001) calculated 4000 tons/yr of mercury emission globally 
from natural surfaces of which almost 50% was soil. The ability of soil to absorb and 
desorb Hg; depending on the prevailing environmental condition, underlines its 
importance in the global mercury budget and cycling.
2.3 Exchange process of mercury at air-soil interface
The capability of mercury to re-circulate in the environment distinguishes it from 
other pollutants. The emission and re-emission of mercury from terrestrial soils are 
suggested to be significant contributors to global mercury flux to the atmosphere. A large 
number of physical, chemical and biological phenomena are observed to affect the 
movement of mercury from or to the soil. In the past, it was believed that diffusion 
primarily controls the exchange of volatile pollutants at the air-soil interface 
(Thibodeaux, 1979). Thibodeaux (1979) demonstrated the following steps in the air-soil 
exchange of volatile pollutants. Ambient air moves across the topsoil and creates 
turbulence at the air-soil interface. This turbulence decreases the pollutant’s transfer 
resistance at the air-soil interface and thereby enhances the pollutant’s emission from the 
topsoil to the air. Due to the loss of mercury from the surface, the topsoil mercury content 
decreases which drives the mercury beneath to transfer to the top layer and continue the 
process. Due to continuous loss of mercury a depleted zone may be developed which will 
ultimately increase in depth and suppress the mercury emission. However, if it was the 
case, then the mercury emission would cease ultimately, which is rarely observed in the 
field. The recent findings of Johnson et al. (2003) clearly indicate that the air-soil
5
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mercury exchange is not controlled by Hg° diffusion. Johnson et al. (2003) found no 
vertical gradient of soil gaseous Hg° between the depths of 0.2 and 0.4 m, indicating no 
diffusion of Hg° along the depth, in a controlled study. They concluded that diffusion 
might only have a role in replenishing the surface mercury from which the Hg° 
evaporates. Moreover, Gustin et al. (1997) found that in addition to diffusion, 
volatilization of soil aqueous Hg° can also affect the air-soil mercury exchange. The 
chemical speciation of soil mercury (e.g., Hg°, CH3HgCl, HgCh etc.) may also influence 
the air-soil mercury exchange (Schluter, 2000). Overall, the air-soil mercury exchange 
can be considered as a surface physicochemical process consisting of 
adsorption/desorption of Hg° and Hg(II) to/from the soil surfaces (Zhang et al., 2001; 
Johnson et al., 2003).
2.4 Methods used in air-soil mercury flux estimation
The air-soil mercury exchange fluxes are measured to quantify and provide 
information about the kinetics of this exchange process. Three indirect methods are 
generally used for flux measurements, namely: Micrometeorological (MM), Dynamic 
flux chamber (DFC) and Light Detection and Ranging (LIDAR) method, as no 
instrument is currently available for direct mercury flux measurements.
Micrometeorological (MM) method
The micrometeorological method is a widely used technique for air-soil mercury 
flux measurements. The underlying physics of this method is that any surface acting as a 
pollutant source will have a higher concentration of that pollutant near the surface 
compared to a place of higher altitude. As a consequence, a concentration gradient will
6
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occur vertically along the height and it carries the gas to the place of higher altitude 
(Gustin et al., 1997; Kim and Kim, 1999). For a surface acting as a sink, the pollutant 
transfer will be vice versa. Overall, this mass transfer principle and the assumption of 
constant vertical flux of the specific pollutant (in this case Hg) in the atmospheric layer 
lying near the surface (10~20 m in depth) are the foundation for this technique. The mass 
transfer equation for MM method is:
F  = - K (2.1)
AZ
where F  is the air-soil flux of mercury (ng/m /hr), K  is the turbulent diffusivity, AC/AZ is 
the concentration gradient of Hg along the vertical transfer direction. The determination 
of K  is critical to the application of this technique. Measurements of concentration 
gradient and fluxes of heat or reference gases (i.e., H2O, CO2) are used to calculate K  
(Lindberg et al., 1998). It is assumed that in the atmosphere the mercury transfer in the 
vertical direction is similar to that of heat or the reference gases and therefore, the 
transfer coefficient (K) for mercury should be the same as that of the scalars measured 
(i.e., heat transfer coefficient, CO2 and H2O mass transfer coefficients). To account for 
the different water vapor content at two different heights on TGM concentrations, the 
Webb, Pearman & Leuning (1980) corrections are sometimes used. A small percentage of 
error are often found by applying this correction to TGM measurements and sometimes 
the correction may be up to 10% of the measured flux depending on the magnitude of the 
mercury flux. Drying the air before the flux measurement can avoid having to make this 
correction (TSRI Report, 2002). However, more studies are required to determine the 
feasibility of using a dryer in the micrometeorological approach.
7
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The micrometeorological method has the advantage of estimating a continuous 
mercury flux with little disturbance of the surface area under investigation, which is 
assumed to be a constant source/sink for mercury. However, the condition of a 
horizontally uniform surface with homogeneous gas flux assumed in developing this 
approach is difficult to find. This method is also expensive.
Dynamic flux  chamber (DFC) method
This method is extensively used for air-soil and air-water mercury flux 
measurement, as it is free from the extensive requirements of instrumentation. It is an 
enclosure-based method. Two types of flux chamber are used in practice, the Static flux 
chamber (SFC) and the Dynamic flux chamber (DFC). A SFC has outlet and no inlet. It is 
used for short-term measurements of air pollutant flux due to its limitation of no inflow. 
Its application in intermittent measurements of air pollutant transfer is supported by its 
simplicity in fabrication and operation. However, disruption of the environment when it 
is deployed in the field is a major drawback of its use (Eklund, 1992). In comparison, a 
DFC includes small openings acting as inlets as well as having a single outlet. Such 
configuration helps the DFC to generate a dynamic flow field and to mimic the ambient 
environmental conditions as closely as possible (Lindberg et al., 2002; Carpi and 
Lindberg, 1998; Carpi and Lindberg, 1997). Inside the DFC is considered a continuously 
stirred and well-mixed system. Therefore, the mercury concentration of the DFC outlet 
can be considered to represent the inside air of the DFC. Other assumptions, such as 
steady state condition and negligible advection flux also present in the DFC’s simulation
8
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of field conditions (Gao et al., 1997). A mass balance approach is used in the DFC 
method to calculate the flux as follows:
F  = @(Co~ C‘) (2.2)
A
where F  is the mercury flux (ng/m2/hr), Co and C, is the outlet and inlet Hg 
concentrations (ng/m3), respectively, Q is the flushing flow rate of air (m3/hr), A is 
enclosed substrate area covered by the chamber (m2). A positive flux indicates emission 
and a negative flux indicates deposition of mercury. The inlet and outlet flushing flow 
rates are assumed to be the same.
During a comparative study on mercury flux measurements in Nevada in 1998, 
the DFC underestimated the flux compared to the micrometeorological method (Gustin et 
al., 1999). Further investigation on this difference between the mercury fluxes calculated 
by these two approaches suggested flushing flow rate as one of the critical factors for 
DFC flux measurements (Zhang et al., 2002). Zhang et al. (2002) proposed the internal 
accumulation of mercury and insufficient turbulent mixing at low (< 0.25 ~ 0.5 air 
changes/min, Lindberg et al., 2002) flushing rates, resulting in higher mercury exchange 
resistance and hence underestimation of air-soil mercury exchange flux. They measured 
an increase in mercury flux by a factor of 25 with a 20 fold increase in the flushing flow 
rate. This increase in mercury flux with the flushing flow rate may be attributed to the 
following: a) less internal accumulation of mercury, b) lower overall mercury exchange 
resistance, and c) advective transfer of mercury inside the chamber at higher flushing rate 
(~1.7 -  3.5 air changes/min, Lindberg et al., 2002), as opposed to the lower flushing 
rates. Based on simulations, Zhang et al. (2002) concluded that a flow rate greater than 
15 air changes/min can be recommended for DFC operation of common designs. Gao and
9
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Yates (1998) suggested from their simulation study that using a smaller DFC rather than 
a larger one, for the same flushing flow rate, would likely lead to a higher estimate of 
flux. The enhanced turnover rate in case of the smaller DFC causes more turbulence 
inside the DFC and may be responsible for the increase in flux. In addition, Lindberg et 
al. (2002) concluded that regardless of source strength, size and shape of the DFC as well 
as the physical characteristics of soil, higher flushing flow rate would result in higher 
mercury emission flux for both the field and laboratory conditions. However, the DFC 
method always seems to estimate lower mercury fluxes than the micrometeorological 
method. The lower estimation by the DFC method may be due to the fact that the 
micrometeorological method samples an unrestricted and wide surface area whereas the 
DFC covers a specific surface area (Gustin et al., 1999). This fundamental difference 
between the micrometeorological and DFC methods may contribute towards the 
consistently higher estimation of mercury flux by the micrometeorological method than 
the DFC method (Gustin et al., 1999).
Although the DFC has several limitations as mentioned above, it has several 
features making it a popular choice. The DFC has a simple design and operational 
features. As this method samples a restricted area, it becomes easier to establish 
relationships of mercury flux with the characteristics of the surface below (i.e., mercury 
concentration, soil properties) and the immediate environment surrounding the DFC (i.e., 
soil temperature, air temperature). This can’t be easily done with micrometeorological 
mercury flux measurements.
Fewer comers in the DFC will decrease the development of dead spots 
(insufficient mixing zones) and will increase the smoothness of airflow as well as mixing
10
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of air inside the DFC (Eklund, 1992). Three common shapes of DFC, namely: 
rectangular, hemispheric and cylindrical, as shown in Figure 2.1, are commonly used for 
air-soil mercury flux measurements. The hemispheric and the cylindrical DFC are less 















a) Rectangular b) Hemispheric c) Cylindrical
Figure 2.1. Different shapes of DFC a) rectangular, b) hemispheric and c) cylindrical
The material of construction of the DFC is critical in mercury flux measurements 
due to the presence of very low mercury concentrations. The material should be strong 
enough to resist the structural deformation to great extent under laboratory or field 
conditions. Its water absorptibility should also be considered (Eklund, 1992), as high 
adsorbed moisture content may enhance the adsorption of mercury to the DFC’s interior 
wall. Materials such as polycarbonate, Pyrex, Teflon are used to construct DFCs (Gustin 
et al., 1999; Lindberg et al., 2002) in air-soil mercury exchange studies. Although Teflon 
has been extensively used as DFCs material of construction for mercury flux studies, 
lately polycarbonate is also used, as it is less expensive and very inert to mercury 
(Lindberg et al., 2002).
11
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LIDAR method
LIDAR is a technique to detect and measure the concentration of a species in the 
atmosphere by using light of specific wavelength. The emitted light interacts with the 
species and some portion of the emitted light will be back scattered to the receiver. This 
backscattered light is used to determine the concentration and certain other properties of 
the concerned species (Argali and Sica, 2002). In the case of mercury, two short laser 
pulses of different wavelengths are sent to the atmosphere. One of them is in the mercury 
absorption region and the other is outside of that region. The intensity ratio between these 
two backscattered lights and the time interval between emission and reception of the light 
are then be used to create a three-dimensional map of mercury concentration in the 
atmosphere (Francesco et al., 1998). Thus, by knowing the three-dimensional wind field 
the mercury flux can be calculated from both point and areal sources by multiplying the 
mercury concentration difference between two planes to the average wind field. 
However, this technique is rarely used in mercury flux measurement at the air-soil 
interface, as it requires expensive and sophisticated instrumentation (Argali and Sica, 
2002).
2.5 Governing parameters of air-soil mercury exchange
Various factors affect the mercury exchange flux at the air-soil interface. In 
general, these controlling parameters can be classified into two categories: source/sink 
characteristics and meteorological parameters (Lindberg et al., 1995; Poissant et al., 
1999).
12
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Soil Hg content
The soil Hg content has been recognized to have a direct influence on air-soil 
mercury exchange. It is found that soil with high Hg content emits more Hg than that 
with less Hg (TSRI report, 2002). A fluctuation of mercury flux by 10-100 times with a 
small change of soil-bound Hg° reinforces the importance of soil Hg content and mercury 
speciation such as HgS and Hg(OH) 2  in soil (Lindberg et al., 1995). Schluter et al. (1995) 
also observed a sharp increase in mercury flux with the soil column spiked with 
CTLHgCl instead of HgCL, probably due to the low vapor pressure and high water 
solubility of HgCL compared to CH3HgCl.
Soil water content
Soil water content may influence the mercury exchange in the air-soil interface. 
Carpi and Lindberg (1998) found an elevated mercury emission following a rainfall 
event. They also observed an elevated mercury flux (~10 times) for a site with soil 
moisture content of 20% compared to another site with 10% moisture content. The rain 
may deposit the water-soluble atmospheric mercury and thus provide a fresh pool of 
reactive Hg(II) to the soil. The reduction of this Hg(II) to Hg°, has been hypothesized to 
increase the mercury flux. However, an artificial irrigation study by Lindberg et al (1999) 
found an increase in mercury flux with the addition of distilled water to the soil. This 
finding signifies that it is not necessarily the supply of reactive Hg(II) by rain that 
enhances the mercury flux, but rather the displacement of soil gas by the rain as well as 
the increased reduction of Hg(II) to Hg° in presence of water. An increase of air-soil 
mercury flux following a wetting event was also observed by other studies as well (Gillis
13
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and Miller, 2000b). However, decrease of the air filled pores of the soil by the water may 
ultimately suppress the diffusion emission flux (Eklund, 1992).
Soil and air temperature
Both soil and air temperatures were observed to have significant effects on 
mercury flux (Poissant et al., 1998; Boudala et al., 2000). In general, the effect of air and 
soil temperatures on the vapor pressure of Hg° is believed to be the reason for its strong 
correlation with mercury flux. The increase in vapor pressure at higher soil or air 
temperatures increases the mercury flux from soil. In addition, the increase of Hg (II) 
reduction rates and biological activities in the soil column, leading to the formation of 
volatile mercury species, at elevated temperatures may also increase the air-soil mercury 
flux (Schluter, 2000). In terms of soil temperature, the topsoil temperature has been 
proven to have the most significant effect (Lindberg et al., 1995; Carpi and Lindberg, 
1998; Poissant and Casimir, 1998). Boudala et al. (2000) found a stronger correlation of 
mercury flux to the 0.005 m (from the surface) soil temperature (R2 = 0.82) than to the 
0.02 m soil temperature (R2 = 0.48) for the same site. Zhang (2004) also reported similar 
observation. In addition, Carpi and Lindberg (1998) found strong as well as weak 
correlations between soil temperature (0 .0 1 -0 . 0 2  m) and mercury flux for different sites 
involved in their study. These findings indicate that although the soil temperature is an 
important controlling parameter for air-soil exchange flux, the strength of the effect 
appears to be site specific.
Gustin et al (1997) suggested that different soil parameters such as soil porosity 
and composition have an influence on the effect of soil temperature on mercury flux. 
They found the activation energies of 16.4 and 41.9 kcal/mol at 20 and 60°C, respectively
14
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for the mercury emission from soil. However, the heat of volatilization for elemental Hg 
is 14.5 kcal/mol at 20°C. The elevated activation energies compared to the heat of 
volatilization of Hg° signifies that other processes in addition to Hg° volatilization are 
involved in air-soil mercury exchange. These processes may be influenced by lower soil 
porosity, adsorption of Hg to soil and other factors resisting the Hg movement from soil 
(Lindberg et al., 1995; Gustin et al., 1997). They (Gustin et al., 1997) also found that 
under the same soil temperature at the surface as well as at 0 .0 1 m depth, the mercury flux 
by direct heating (heating the core sample by a heating tape) was less than the mercury 
flux by indirect heating (heating the air above the soil). This suggests that regarding the 
soil temperature; the surface soil temperature mostly controls the mercury flux.
Solar radiation
Solar radiation is another major controlling factor of mercury emission from soil. 
Carpi and Lindberg (1998) observed a sharp rise in mercury flux with the soil exposed to 
sunlight compared to a shaded condition. From these findings they hypothesized that 
mercury is emitted from a very thin layer of topsoil (<0.005 m) under incident sunlight 
and there is a stronger influence of solar radiation on soil mercury flux than soil 
temperature on mercury flux. The enhanced photo-reduction of Hg(II) to Hg° at higher 
solar radiation is considered to be the reason and dominant in controlling air-soil mercury 
flux. Several other studies (Poissant and Casimir, 1998; Poissant et al., 1999) also 
confirm this behavior of mercury flux over soil with the solar radiation. Zhang et al. 
(2 0 0 1 ) found a sharp decrease in air-soil mercury flux immediately after blocking the 
sunlight from reaching the study site with aluminum foil while the soil temperature
15
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remained unchanged. They also found a 24% decrease in mercury flux by blocking the 
UV portion of the sunlight and suggested to the prominent effect of solar radiation, 
particularly the visible and the UV radiation, on air-soil exchange flux as opposed to soil 
temperature. Gustin et al. (2002) also observed a rapid response of air-soil mercury flux 
to a fluctuation of incident radiation with small to little change in soil temperature in a 
controlled study. They (Gustin et al., 2002) found a better correlation between incident 
light and mercury flux (R2 = 0.75) than between soil temperature and mercury flux (R2 = 
0.57), signifying the dominance of radiation over soil temperature. However, their study 
was missing the UV radiation completely, which was found to have a strong effect on air- 
soil mercury exchange (Zhang et al., 2001). These studies suggested the importance of 
visible and UV radiation, although none of them actually covered the total spectra of 
solar radiation to reach a firm conclusion about the effect of individual wavelengths of 
solar radiation.
Wind speed
Several DFC studies found positive correlation between air-soil mercury flux to 
“wind” speed (e.g. Gillis and Miller, 2000a; Poissant and Casimir, 1998). Here the wind 
speed refers to the ambient wind velocity outside the DFC. High wind velocity causing 
more turbulent diffusion in the DFC, is considered to increase the mercury flux by 
minimizing the resistance of Hg° emission compared to a lower wind velocity. However, 
other parameters such as soil temperature are also reported to simultaneously affect the 
correlation between mercury flux and wind speed. At higher soil temperature the wind 
velocity was found to have less effect (Gustin et al., 1997). The attainment of higher
16
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
vapor pressure at higher soil temperature may increase the Hg° volatilization and thereby 
mask the wind velocity effect.
Ambient Hg concentration
The ambient total gaseous mercury (TGM) concentration is found to affect the 
air-soil mercury flux. Engle et al. (2001) observed a decrease in air-soil mercury flux 
upon introducing air of higher TGM concentration in a laboratory study. The high 
ambient TGM concentration will change the magnitude of the mercury concentration 
gradient between soil and air. The TGM concentration can also change the direction of 
the driving force for mercury exchange, depending on its magnitude compared to the soil 
mercury and may lead to deposition of mercury. If the ambient air sampling port were 
placed over a surface of very high mercury flux compared to the area covered by the 
DFC, a higher TGM concentration would be expected for the ambient air than the DFC 
outlet air, leading to mercury deposition flux. Engle et al. (2001) found only mercury 
deposition fluxes in the field for the soil used later in the laboratory study. The 
observation mercury deposition flux in the field indicates that the soil was acting as a 
sink for mercury. This characteristic of soil, acting as a sink for mercury, might 
contribute to the negative correlation between TGM concentration and air-soil mercury 
flux observed in the laboratory. This hypothesis of the effect of soil characteristics on the 
correlation between air-soil mercury flux and the ambient TGM concentration was 
supported by a study by Poissant et al. (1999). In their study, the soil used was a strong 
source of mercury and they observed a positive correlation between ambient TGM and 
air-soil mercury flux. Theoretically, the achievement of equilibrium of mercury
17
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concentration between the soil surface and ambient air may act as the driving for the air- 
soil exchange of mercury and controls the magnitude and direction of air-soil mercury 
flux. The findings of Wang et al. (2003) also support this theory of equilibrium of 
mercury concentration between air and soil. They found a positive correlation (0.741) 
between the soil and atmospheric mercury concentration and suggested that the 
accumulation of atmospheric mercury to the soil increased the soil mercury concentration 
and led to the positive correlation between TGM and soil mercury concentrations.
2.6 Chamber blank test
A chamber blank test can indicate the DFC material’s adsorptive capacity of 
mercury (Carpi and Lindberg, 1998; Gustin et al., 1997). The common practice in 
conducting a chamber blank test is to isolate the chamber from the source/sink under 
investigation by using a mercury-inert material, such as Teflon. Therefore, the mercury 
flux calculated with the blank plate underneath the DFC gives the contribution of the 
internal walls of the DFC. The concentration difference between the inlet and outlet, with 
the plate of inert material underneath the DFC, will determine the flux from/to the 
chamber itself and later can be used to correct the actual air-soil mercury flux. Depending 
on the degree of washing and the inertness of the DFC material to mercury, both positive 
and negative contributions are possible. Here, desorption of Hg from the DFC is 
considered as positive contribution and absorption by the DFC is considered as a negative 
contribution. The equation considering the chamber blank is
FS =(F0 - F i) + Fc (2.3)
18
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where Fs is the total mercury flux, Fo-Fi represents the mercury flux at the air-soil 
interface and Fc represents the chamber mercury flux.
2.7 Modeling efforts
Models are important tools to simulate air-soil mercury flux and may be used to 
update our current understanding of the overall air-soil mercury exchange. The main 
reason of using models in air-soil mercury flux estimation is the limitation of conducting 
as many field studies as required to represent the global temporal and spatial variation of 
soil as well as environmental properties affecting air-soil mercury flux. Different 
empirical equations, considering the effect of meteorological parameters, have been 
developed to formulate the air-soil mercury exchanges. Carpi and Lindberg (1998) 
formulated different relationships between the logarithm mercury flux and soil 
temperature as well as solar radiation as shown in following equations
Log(F) = aTs + b (2.4)
L o g (F ) -c R  + d  (2.5)
where F  is the mercury flux (ng/m2/hr), Ts is the soil temperature (K), R is the total 
radiation (W/m2), and a, b, c and d  are regression coefficients likely depending on the soil 
moisture, Hg content in the soil and other factors (Xu et al., 1999). However, the 
formulations proposed by Carpi and Lindberg (1998) may be site specific and thereby 
limits their application.
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2.8 Canadian Atmospheric Mercury Measurement Network
The Canadian Atmospheric Mercury Measurement Network (CAMNet) was 
initiated in 1996 (Environment Canada, 2002) to provide data on TGM over Canada. 
Eleven monitoring stations namely: Alert (NU), Reifel Island (BC), Esther (AB), 
Kuujjuarapik (QC), Burnt Island (ON), Egbert (ON), Point Petre (ON), St. Anicet (QC), 
St. Andrews (NB), Mingan (QC) and Kejimkujik (NS) have been established all over 
Canada to monitor the mercury throughout the year. The objective includes identifying 
major sources/sinks, to investigate mercury behavior and transportation in the air and to 
provide updated data of mercury for future policies. The ambient TGM concentrations 
are measured for all of the sites along with mercury concentration measurements in 
precipitation for some of the sites. The TGM concentrations are measured using Tekran 
2537A mercury vapor analyzer and based on one-hour sample integration period.
20




A field study to investigate the air-soil exchange of mercury was conducted at 
Windsor (42°18 N and 83°01 W) from February 10 to March 9 2004. The latitude and 
the longitude of the study site were 42° 18.27 N and 83° 3.98 W, respectively. This 
corresponds to the south end of Essex Hall, University of Windsor. The site has a slope of 
about 35°. The soil there can be characterized as clay and it has a grass layer of 0.06 to 
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Figure 3.1. Site of the field study
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The set-up for the field study is shown in Figure 3.2. The soil mercury content in 
the field, measured for a soil sample collected on May 25, 2004, was 54 ± 16 (mean ± 
s.d.) ng/g. A dynamic flux chamber (DFC) was deployed on the site to investigate the air- 
soil exchange of mercury. The outlet of the DFC was split to two lines, one of which was 
connected to a vacuum pump and the other to a 3-way valve leading to a Tekran 2537 A 
mercury vapor analyzer (Tekran Inc., Toronto, Canada). Another line, sampling the 
ambient air, was also connected to the Tekran through the 3-way valve. The air 
temperature, relative humidity, soil temperature, wind speed, wind direction, atmospheric 
pressure and solar radiation were measured for the immediate environment surrounding 
the DFC. The time of the day, used in this study is based on Eastern Standard Time 
(EST). All of these parameters were measured from 800 to 2000 hours except for the 
solar radiation, which was measured from 800 to 1700 hours on selected days. The solar 
radiation was not measured after 1700 hours as it became dark or the site was in the 
shade of Essex Hall. Using a polycarbonate flux chamber of similar dimension (internal 
volume of 0.0112 m3) to the present study, Lindberg et al. (2002) achieved a steady state 
of DFC outlet concentration in their field study within 1 to 2 min for a flushing flow rate
•3
of 0.006 and 0.012 m /min, respectively. Therefore, an average flushing flow rate of 
0.01075 m3/min was used throughout the field study. This also gives a flushing flow rate 
of 0.8 air changes/min, which falls within the acceptable range of 0.5 to 1.7 air 
changes/min mentioned in Section 2.4. The difference of total gaseous mercury (TGM) 
concentration between the DFC outlet and the ambient air was used to estimate the air- 
soil mercury flux using Equation 2.2. All the sensors and the DFC were placed in the
22
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field whereas the other components along with the Tekran 2537A (Figure 3.2) were 
inside Room 112 Essex Hall.














Figure 3.2. Experimental set-up of the field study
Dynamic flux chamber (DFC)
The DFC was basically a food display cover molded as one piece of 
polycarbonate. It is cylindrical in shape and has a diameter of 0.3 m and a height of 0.2 
m. The weight of the DFC was 0.6 kg and it had a transmission of total and UV radiation 
of 85% and 67%, respectively (Appendix G). Holes were drilled to accommodate an 
outlet port on top of the DFC into which a 0.0032 m (1/8 -inch) NPT Teflon fitting was 
screwed, and 4 inlet ports of the same size on the sidewall of the chamber at a height of
23
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0.051m (2-inch) from the bottom. The number and size of inlet ports were chosen based 
on earlier studies (Zhang et al., 2002). Additional tests were also conducted to test 
whether there was pressure deficit in the DFC while operating, by placing a very thin 
tissue (Kim wipe) on a sand surface used for the pressure deficit test only. Visually no 
deformation of the tissue was observed and hence, it was assumed that there was no 
development of pressure gradient at the surface under the flow rate of 0.01075 m /min 
used in experiments. For a similar test at a flow rate of 0.02 m /min, deformation of the 
tissue was observed. Therefore, the flow rate used throughout the field study was 0.01075 
m3/min. The outlet of the DFC was split to two lines, one of which was connected to a 
vacuum pump and the other to a Tekran 2537A Hg vapor analyzer (Tekran Inc., Toronto, 
Canada). The pump maintained a constant flow rate of 0.01 m3/min. All the tubing and 
fittings used in this experiment were made of Teflon. The TGM sampling lines and the 
line connected to the vacuum pump had a 0.00635 m OD. The DFC base was inserted 
about 0.01 m into the soil to avoid airflow into the DFC instead of through the inlet ports.
Tekran Hg Analyzer
A Tekran 2537A mercury vapor analyzer was used to measure the total gaseous 
atmospheric mercury concentrations in both the DFC outlet air and the ambient air at a 
height of 0.076 m. The Tekran mercury vapor analyzer is capable of measuring total 
gaseous Hg in the atmosphere continuously in ng/m3. The detection limit and the 
precision of the Tekran are 0.1 ng/m3 and 2%, respectively (Tekran Inc., 2003). Its dual 
cartridge system ensures continuous sampling and measurement of TGM. Simultaneous 
absorption and desorption of atmospheric mercury into/from the cartridges maintains 
continuous sampling and detection operations. A sample flow rate of 0.0015 m3/min to
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the cartridges was used. The cold vapor atomic fluorescence spectrophotometry 
(CVAFS) technique is used for TGM measurements. An auto calibration was conducted 
every 8  hours from February 10 to 20, 2004 and every 24 hours from February 21 to 
March 9, 2004. The QA/QC for the auto calibration of the Tekran 2537A are applied to 
all the results reported here.
M odel 1110-Synchronized two-port sampler and three-way valve unit
This sampler allows continuous sampling of two different inputs to the Tekran. It 
works with the three-way valve unit. The three-way valve unit has three ports in it, two 
sampling ports and a common port for carrying the sample to the Tekran 2537A. The 
1 1 1 0 -sampler switches between these two sampling ports after each sampling period. 
Then the sampled air goes to the Tekran 2537A through the common port of the three- 
way valve unit and is analyzed for Hg. The 1110-synchronized two-port sampler switches 
between the two sampling port every 5 minutes for the field study and every 10 minutes 
in the chamber study.
M odel 1100-Mercury zero air generator
This unit supplies mercury free air for the auto calibration of the Tekran 2537A. 
Upon activation the ambient air is pumped through a 0.1 pm-particulate filter by the 
integral pump of the zero air unit and sent to the multi-component mercury scrubber unit. 
The cleaned air from the scrubber unit is then sent through another 0.1 pm-particulate 
filter to the outlet fittings of the zero air generator.
25
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Measurement o f  environmental parameters
A HM45CF sensor (Campbell Scientific Inc., Edmonton, Canada) was used at a 
height of 1.67 m from the soil surface to measure air temperature and relative humidity. 
The soil temperature at a depth of 0.01 m was measured with a 107b sensor (Campbell 
Scientific Inc., Edmonton, Canada) and an IL 1700 (International Light Inc., 
Massachusetts, USA) research light meter was used for solar radiation measurements 
(both total and UV) at a height of 1.7 m. A wind sentry (RM Young 3002) was used to 
measure the wind speed and direction at a height of 2 m. The solar radiation was 
measured hourly. All other measurements were made every five minutes, and later hourly 
averages of each parameter were used. The pressure data recorded at the Windsor Airport 
(Simpson, D., 2004) are also used here. No snow coverage was observed during the study 
period reported here. However, the site was completely covered by snow during January 
30 to February 7, 2004 and no snow coverage was found after 900 hours of February 10, 
2004.
Vacuum pump
A vacuum pump (model DO A-VI52-AA, Waters) of a capacity of approximately 
0.028 m /min was used to draw the ambient air through the DFC and back outside. A 
rotameter (Labcor Inc.) with a valve was used to control and monitor the flow rate at 0.01 
m /min in all experiments.
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Blank test
A Teflon sheet was used for the blank test in the field. Before being used in the 
field the Teflon sheet was cleaned thoroughly with laboratory soap and distilled water. 
The Teflon sheet was then washed with 10% nitric acid (HNO3) followed by 10% 
methanol (CH3OH) in water. Then a heater was used to dry the Teflon sheet. The DFC 
was placed on the clean and dry Teflon sheet in the field and TGM concentrations were 
measured both in the DFC outlet as well as in the ambient air. A positive concentration 
gradient was found between the DFC outlet and ambient air. This positive TGM gradient 
gave a positive mercury flux and later subtracted from the measured mercury flux in the 
field.
3.2 Chamber study
A chamber study was conducted in the environmental chamber situated in 335 
Essex Hall at the University of Windsor. Disintegration of radiation and soil temperature 
effects on mercury flux was the preliminary objective of the chamber study. Six different 
soil temperatures (5, 10, 15, 20, 25 and 30°C) were used for the chamber experiments in 
the dark and two temperatures (15 and 30°C) were used for the experiments in the light.
The chamber set-up is shown in Figure 3.3. Five (5) thermocouples were inserted 
into the soil at different depths (0.01, 0.02, 0.03, 0.05 and 0.07 m), nearly along the 
center of the surface covered by the DFC, to measure the soil temperatures and another 
was on the air just above the soil surface (approx. 0 . 0 1  m) to measure the air temperature 
inside the DFC. The soil container along with the thermocouples was then put inside the 
environmental chamber. To reduce the leakage of airflow through the base of the DFC, 
the base was inserted 0.01 m down into the soil. The air from Room 335 Essex Hall at the
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University of Windsor was used as the inlet air for the chamber experiments because of 
the high mercury concentration of the chamber air. The inlet lines for ambient air were 
made of Teflon and had a 0.0064 m ID. The outlet of the DFC was split to a Tekran 
2537A and a vacuum pump with a T-connector. A CS615 moisture content analyzer 
(Campbell Scientific Inc., Canada) was inserted horizontally to the soil at a depth of 
about 0 . 0 2  m from the soil surface to measure the soil moisture content at the depth of 
0.02 m. The set-up was surrounded with aluminum foil to enhance the reflection and 
incident radiation from the light sources. By varying the number and type of lamps on, 
the discharge radiation was varied. For the light experiments, the chamber temperature 
was changed to the desired level attained earlier during the experimentation with the light 
so as to maintain the surface soil temperature same to the dark experiment.
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Figure 3.3. Experimental set-up of chamber study with the light source
Table 3.1 shows a matrix of the chamber experiments. A total of 11 experiments 
were conducted in the chamber of which 5 were light experiments and 6  were dark 
experiments. Number 1, 2, 3, 4 and 5 in Table 3.1 represent the light experiments with 2 
MH 100 W bulbs, 1 MH 1000 W bulb, 2 M160R3/FL bulbs, 1 M160R3/FL bulb and 2 
M160R3/FL bulbs with acrylic UV filter, respectively. The irradiation of total, visible, 
Infrared (IR) and ultra violet (UV) wavelengths was measured by the IL 1700 research 
light meter during the light experiments. An average flushing flow rate of 0.01075 
m3/min was used throughout the chamber study. The TGM concentration difference 
between the DFC outlet and the inlet air was used to estimate the mercury flux using
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Equation 2.2. Later, the fluxes were corrected for temperature, chamber blank and 
leakage of chamber air as shown in Appendix C.
Table 3.1. The testing matrix for chamber experiments
Target Soil temperature, °C
5 1 0 15 2 0 25 30
D D D D D D
- - 1 MH1000 W - - 2 MH1000 W
- - 1 M160R3/FL - - -
- - 2 M160R3/FL - - -
- - 2 M160R3/FL - - -
with UV filter
D represents the dark experiments, the light experiments are tabulated with the number 
and type of bulb
Soil
The soil sample was collected from the field situated on the back of Centre for 
Automotive Research and Education building, University of Windsor as it was not 
permitted to collect the soil from the south end of the Essex Hall and was about 500 m 
away from the site used for the field study. The soil had a soil water content and density 
of 0.12 gm water/gm of soil and 1.07 gm/cm3, respectively upon collection. Due to the 
possible complexity in maintaining the grass layer on top of the soil under the chamber 
condition and as Hg exists predominantly at the top layer of soil due to high availability 
of organic matter in this layer, the soil just below the grass layer was collected. The 
collected soil was air-dried, followed by grinding and separation of any kind of rock, 
grass, weeds and insects. Sieving through a 3.5 mm sieve was the next step. This rigorous 
homogenization ensured even size distribution and porosity of the soil. After the 
homogenization procedure the water content and the density of the soil sample were 8 %
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(vol/vol) and 760 kg/m3, respectively. Powder free laboratory gloves were used during 
the homogenization. Deionized water was added to the dry homogenized soil to make up 
the soil water content to 1 1  to 1 2  volume % before using it in the chamber experiments. 
A plastic bucket 0.38 m high and 0.335 m diameter was used as the soil container in the 
chamber study. The homogenized soil, used in the chamber study, had mercury content of 
64±6.4 ng/g (dry weight). Here the dry weight represents the mercury content in the dry 
soil, having no water in it.
Dynamic flux chamber (DFC) and Tekran mercury analyzer
The DFC and the Tekran 2537A mercury vapor analyzers are the same as used in 
the field study. An auto calibration of the Tekran 2537A was conducted every 24 hours.
Environmental Chamber
The Lab-Line Environmental chamber (VIP 96504) was used for the experiments. 
The chamber is capable of maintaining a temperature between -5°C to +40°C with its 
cooling, heating and defrost systems and its built-in digital temperature controller. The 
chamber was tested for all the temperatures that would be used for these experiments. 
The tests showed that the temperature controller was maintaining the chamber ambient 
temperature at a steady state temperature with a minor (approx. 0.5°C) fluctuation 
between the set value (SV) and the actual or present value (PV) of temperature with and 
without the lamps. A glass sealed mercury thermometer and five T-type thermocouples at 
different heights in the air were set inside the chamber to verify the chamber reading 
(Appendix D). The thermometer and the thermocouples readings were in very good 
agreement with the chamber controller display and confirmed the proper operation of the
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chamber. However, with the lamps on, the temperature of the air adjacent to the soil 
surface and the soil temperatures at different depth were higher than the PV of the 
environmental chamber. The radiation effect was suspected to cause these differences.
Light source
Two different light sources were used for our experiment, MH 1000W (Venture 
Lighting) and M160R3/FL (The Speciality Bulb Co., Inc.) bulbs were used to simulate 
the total and UV radiation, respectively. The spectral distributions of these two bulbs are 
shown in Figures 3.4 and 3.5. As can be seen from Figure 3.4, the spectral distribution of 
MH 1000 W, provided by the manufacturer, is atypical of the spectral distribution of 
sunlight. From the spectral distribution of the MH 1000 W bulb it appears to produce a 
major portion of visible light (40%). Later, measurement of the discharged light from 
MH 1000 W in the laboratory also showed that this bulb emits more visible radiation (see 
Section 4.2). Although the spectral distribution of M160R3/FL bulb (Figure 3.5) provided 
by the manufacturer shows no radiation in the infrared wavelengths, measurement of the 
light generated by this kind of bulb (M160R3/FL) showed that it was producing a 
significant amount of infrared radiation (20%). Both types of bulbs were producing UV 
radiation of similar magnitude (1.9 to 2.9 W/m2). The distance between the MH 1000 W 
bulbs and the soil surface was 0.51 m and for M160R3/FL bulbs the distance was 0.55 m. 
The incident radiation from the light sources were measured using different filters (total, 
UV, visible and IR) of IL 1700 research light meter. The permissible wavelengths of the 
filters can be found in Appendix G.
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Figure 3.4. Spectral distribution of MH 1000 W bulb (adopted from Venture Lighting)
tz.
S tCM
3 0 0 S C O 600 6 0 0
WAVELEMCSTH nm
Figure 3.5. Spectral distribution of M160R3/FL bulb (Source: Speciality Bulb Co, Inc.). 
0.5,1.0 and 2.0 ft indicate the distance of measurement point from the bulb
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Acrylic UVfilter
A clear acrylic sheet of 0.005m thickness and having a dimension of 0.61m 
x0.61m was used as the UV filter.
Soil temperature
Thermocouples (T-type, 24 gauges, Omega Engineering) were used to measure 
the soil temperature at different depths (0.01 to 0.07 m), mentioned in the chamber study, 
and the air temperature just above (approx. 0.01 m) the soil surface. A switching device 
consisting of 32 ports was used to switch among the thermocouples to read the 
temperature data.
Soil moisture content
The CS615 soil moisture content analyzer works on the principle of Time Domain 
Reflectometry. Tests were conducted before the use of the CS615 sensor to determine its 
sensitivity to the different physical condition, which was anticipated, before its use in the 
chamber experiment. These conditions included the disturbance of the topsoil layer, the 
change in soil water content and the reinsertion of the CS615 probes into the soil. These 
tests showed an acceptable performance of the CS615 moisture content analyzer. The 
results for these tests can be found in Appendix E.
Incident Radiation
The IL 1700 research light meter, as used in the field, was also used for the 
measurements of incident radiation from different light sources. The use of different 
filters, namely: total, UV, visible and infrared filters, allowed us to measure the total, UV,
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visible and infrared radiation. Values from 8  different spots inside the covered surface by 
the DFC, as shown in Figure 3.6, were measured. The radiation measurements on these 
points were averaged for all radiation data before used.
DFC boundary 
(D = 0.3 m)
0.1 m
0 .0 5  m
Figure 3.6. Distribution of radiation measurement points 
pH  measurement
The soil pH was measured to find whether the soil, used in the chamber study, 
was acidic, basic or neutral. A solution of a sample of the homogenized soil and distilled 
water at a ratio of 1:1 was prepared. It was then kept at room temperature for 30 minutes 
to settle the slurry to the bottom of the container. The probe of the pH meter (Orion EA 
940) was then placed into the slurry until the pH meter display came stable. The pH was 
measured only once and had a value of 6.53, which is almost neutral.
Soil and snow Hg content
The soil and snow samples from the field and soil samples from the chamber 
study were measured for mercury in the laboratory of Environment Canada, Montreal
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Office. The AMA 254 mercury analyzer (Altec Ltd., the Czech Republic) was used to 
measure the soil mercury. The mercury contents per gram of dry soil are reported in this 
thesis. The snow samples had a mercury concentration of 175±75ng/l of water. This 
value is in the higher range of the mercury concentration in snow (5 to 185 ng/1) 
measured by Steffen et al. (2002). However, this value should be cautiously used, as the 
sample volume used to determine the mercury concentration in snow was insufficient. In 
addition, melting of snow samples were possible although the snow samples were stored 
in a refrigerator and shipped overnight with an icepack for Hg analysis. The data for 
mercury concentration in soil and snow samples can be found in Appendix F.
Chamber blank test and leak test
The chamber blank test was the same as described for the field study, but was 
conducted in Room 335 Essex Hall.
High mercury concentrations (approx. 30~90 ng/m3) were measured in the air of 
the environmental chamber. Use of the chamber air, containing such a high mercury 
concentration, was suspected to cause deposition events only. Later, an experiment with 
the chamber air as the inlet air was conducted and only mercury deposition flux was 
observed indeed. Therefore, the room air from 335 Essex Hall was used as the ambient 
air for the chamber experiments. A total of four inlet lines were used to draw the room air 
inside the DFC. The outlet of the DFC was split to two lines one going to the Tekran 
2537A for measurement of mercury and the other to the pump to maintain the constant 
flow of air through the DFC. A small surface area of the soil container (approx. 0.017 m2) 
was exposed to the chamber air due to its larger diameter (0.335 m) than the DFC (0.3
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m). Therefore, leakage of environmental chamber’s air into the inside air of the DFC was 
possible through either the connections to the DFC or the exposed surface or both. To test 
the leakage through the connections going in and out of the DFC, the edge of the DFC 
was submerged into deionized water, with all the connections same as the actual set-up. 
The submergence of the edge of the DFC should completely seal the DFC’s interior from 
the environmental chamber air, as water has zero porosity. The deionized water was 
assumed to contain no mercury. The mercury flux estimated for this test (1.34 ng/m2/hr) 
as very close to the blank flux (2.24 ng/m2/hr). This test indicates little leakage of 
mercury through the DFC connections. A test, with and without a sealing covering the 
soil surface exposed to the chamber air, was conducted at a soil temperature of 15°C. The 
leakage flow rate of the chamber air found at 15°C was then converted to values for other 
temperatures used in the chamber experiment. The chamber air TGM concentrations, 
measured during each experiment, were used to estimate the leakage of chamber mercury 
and later subtracted from the measured flux in the chamber to correct the mercury fluxes 
(see Appendix C).
3.3 Flux calculation
The mercury flux was calculated by using Equation 3.1. A 5-minute sampling 
time was used for the measurements of TGM concentration and mercury flux estimation 
in the field study. Therefore, mercury flux values were calculated for every 10-minute in 
the field. However, an average of 2 cycles of 5-minute sampling time, using both 
cartridges, were used for each sampling line for the mercury flux estimation for the 
chamber study. This averaging technique was used as both the cartridges were giving 
very different mercury concentration (approx. 10%) for the same room air and the
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averaging of the measured mercury concentrations by the two cartridges gave the least 
difference (approx. 1.5%) between the sampling. Therefore, for the chamber study, the 
averages of the two cartridges for both inlet and outlet air were used and mercury flux 
values were calculated for every 20-minute. All the flux values for the field study were 
corrected for the field blank and for the chamber study, the flux values were corrected for 
the blank, chamber air leakage and temperature as shown in Appendix C.
F=S M 2  (3. , )
A
where F  is the mercury flux (ng/m2/hr), Co and C, is the outlet and inlet Hg 
concentrations (ng/m ), respectively, Q is the flushing flow rate of air (0.01075 m /hr), A 
is enclosed substrate area covered by the chamber (0.07296 m ).
3.4 Data analysis
To determine the significance of different environmental parameters on mercury 
flux linear regression and stepwise multivariate regression analysis (Engle et al., 2001) 
were conducted with the hourly averages of all the mercury flux and environmental data 
using Microsoft Excel (2000) and Minitab 14 (Demo Version, Minitab Inc., 2004). A 
95% confidence interval was used for all the statistical analysis. The probability or p- 
value was used to find the significance of individual parameters involved in the 
regression. Ten regression models, eight from the chamber study and two from the field 
study, were developed using Minitab 14 (Demo version). The models, developed from 
the chamber study, were evaluated by applying to the field. For Models 1 and 2 the soil 
and air temperature data for February 10, 12, 14 to 26, 28 to 29 and March 2 to 9, 2004 
were used to evaluate these models. For Models 3 to 8, ten days (February 16 to 20 and
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23 to 28) were used to evaluate the models. For Models 9 and 10, the data from February
24 to 26 was used to evaluate the model application to the field data. The UV radiation 
was measured only on February 17, 2004 and the percentage of UV radiation in the total 
(1.55%) was calculated for that day. This percentage of UV radiation was later used to 
calculate the UV radiation for other days for the models (Models 4, 6 and 8) to be applied 
to the field.
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CHAPTER FOUR 
RESULTS AND DISCUSSION
4.1 Field study 
TGM concentration
The mean TGM concentration throughout the field study from February 10 to 
March 9, 2004 was 5.9 ng/m3 (Table 4.1). This average TGM concentration is almost 
three times higher than 1.8 ng/m3, the average of TGM concentrations found in Point 
Petre and Egbert, Ontario, Canada during February 2003. The hourly average of TGM 
concentration for Point Petre and Egbert was calculated from the data provided by 
Environment Canada (Froude, F., 2004). Both Egbert and Point Petre are rural sites and 
are 100 km away from Toronto, Ontario, Canada (Integrated Atmospheric Deposition 
Network, 2003). The site for the present study, Windsor, Ontario, is an urban industrial 
site and situated very close to Detroit, MI, USA, which is also well known for industrial 
activities. Therefore, local as well as regional industries and transboundary pollutants 
from Detroit, MI, USA are considered to cause the elevated TGM concentration in 
Windsor.
Table 4.1. Statistical summary of hourly averages of total gaseous mercury and air-soil 
mercury flux________________________________________________________________
Max Min Mean 95% C.I. s.d No. of 
samples
TGM (ng/m3) 40.69 3.20 5.90 ±0.23 2.94 643
Flux (ng/m2/hr) 121.0 -11.4 6.4 ±1.1 14.30 638
The time series of TGM concentration (Figure 4.1) shows that the variation of 
TGM concentration is observed mostly during the daytime (700 to 1900 hours). The time
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of the day are based on the Eastern Standard Time (EST). The daytime TGM 
concentration varies from 40.7 to 3.3 ng/m3 with an average of 6.7 ng/m3. At night (2000 
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Figure 4.1. The time series of hourly averages of TGM concentration during the study 
period (February 10 to March 9, 2004)
Figure 4.2 was created using the averages of the hourly values of TGM 
concentration for the 27-day field study period. As can be seen, the maximum TGM 
concentration occurred during 1100 to 1400 hours with a gradual decrease to 
approximately 5.00 ng/m3 during the afternoon hours. The higher TGM concentration 
during this period (1100 to 1400 hour) may be due to higher surface emission of TGM to 
the atmosphere at higher solar radiation and soil temperature compared to the other hours.
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Figure 4.2. Diurnal variability of TGM concentration during the study period. The 
circles and the bars represent the hourly mean and 95% confidence intervals, respectively
Mercury flu x
The soil mercury concentration for the field was 54 ± 16 (mean ± s.d.) ng/g (dry 
weight). The data for the soil mercury concentration can be found in Appendix F. 
Compared to the soil mercury concentrations of 61 to 469 ng/g reported by Carpi and 
Lindberg (1998) and 100 to 330 ng/g reported by Boudala et al. (2000), the soil mercury 
concentration for the current field study was at the lower range. The blank flux obtained 
in the field was 9.13 ± 0.98 (mean ± 95% confidence interval, C.I.) ng/m2/hr. The results 
for the field blank can also be found in Appendix C. All the flux values estimated in the 
field were corrected for the mean blank flux. The corrected hourly average mercury flux 
from February 10 to March 9, 2004 has a value of 6.4 + 1.1 (mean ± 95%C.I.) ng/m2/hr
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(Table 4.1), indicating that during the field study the soil acted mostly as a mercury 
source. The data for the field study can be found in Appendix A. Using the mean ambient 
and DFC outlet concentrations the accuracy of the mercury flux was calculated to be 
18%. The details of the accuracy calculations can be found in Appendix C.
Figure 4.3 shows the time series of mercury flux in the field. As can be seen, most 
of the variation of mercury flux is observed during the daytime. The emission fluxes are 
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Figure 4.3. The time series of mercury flux during the study period, February 10 to 
March 9, 2004
A statistical summary of the hourly emission and deposition is presented in Table 
4.2. A total of 420 hourly emission and 218 hourly deposition events were observed
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during the field study. The maximum hourly emission during the field study was 121.1 
ng/m2/hr and the maximum deposition flux was 11.38 ng/m2/hr.
Table 4.2. Statistical summary of emission and deposition mercury flux for the field
Max Min Mean 95% C.I. s.d No. of 
samples
Emission (ng/m /hr) 121.1 0.006 11.43 ±1.5 15.31 420
Deposition (ng/m /hr) 11.38 0.02 3.18 ±0.35 2.65 218
Similar to the TGM concentration, the mercury flux also followed a diurnal 
variation with the maximum during 1100 to 1400 hour as displayed in Figure 4.4. The 
diurnal trend of mercury flux observed in the field (Figure 4.4) is consistent with the 
observation of other studies (e.g. Poissant and Casimir, 1998; Boudala et al., 2000). The 
lower mercury flux at 800 hour could be due to the less solar radiation during that hour 
compared to later hours. The mercury flux had a range of 121.1 to -11.38 ng/m2/hr and an 
average of 6.4 ng/m2/hr. This average of mercury flux found in the present study lies in 
between the average flux of 2.95 ng/m2/hr reported by Poissant and Casimir (1998) over 
rural grassy soil in summer and the value of 12 to 45 ng/m2/hr reported by Carpi and 
Lindberg (1998) over open field soil also in summer.
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Figure 4.4. Diurnal variability of mercury flux during the study period. The circles and 
the bars represent the hourly mean and 95% confidence intervals, respectively
Effects o f  environmental parameters
Table 4.3 presents a statistical summary of environmental parameters measured 
during the field study. These parameters were measured only during daytime (800 to 
2000 hours) except for solar radiation, which was measured from 800 to 1700 hours on 
selected dates.
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Table 4.3. Statistical summary of hourly averages environmental parameters measured in
the field
Parameter Max Min Mean Median 95%
C.I.
s.d No. of 
samples
Air temperature (°C) 13.74 -7.93 3.56 3.20 ±0.56 4.5 251
Soil temperature (°C) 18.71 -4.93 5.95 5.97 ±0.25 3.9 251
Solar radiation (W/m ) 441.00 10.00 155 127 ±26 114.8 77
RH (%) 97.00 25.00 58.00 61.00 ±1.41 13.0 251
Wind speed (m/s) 1.95 0.21 0.57 0.46 ±0.04 0.3 251
Atm. Pressure (kPa) 101.37 79.88 92.07 90.68 ±0.65 5.3 251
A linear regression for each of these variables with mercury flux is shown in 
Figure 4.5. It is observable from Figure 4.5 that during the field study, air temperature 
( T air), soil temperature ( T soi i ) ,  solar radiation (Rtotai) and relative humidity (RH) have 
significant (p<0.05) but weak correlations (R <0.22) with mercury flux. The other two 
variables, namely: wind speed and atmospheric pressure have little effect on mercury 
flux. The strength of the correlations between mercury flux and significant (p<0.001) 
environmental parameters is in the following order: soil temperature > relative humidity 
> solar radiation > air temperature. All these parameters have positive correlation with 
mercury flux except relative humidity, which has a negative correlation. The increase in 
mercury flux with elevated soil and air temperatures may be mostly attributed to the 
increase in vapor pressure of different volatile Hg species (e.g., Hg° and (CH3)2Hg) and 
the desorption of mercury from soil. In addition, the increased soil temperature may 
enhance the convection of mercury from soil to air (Campbell and Norman, 1998) and 
microbial activities associated with the formation of volatile mercury species (Schluter,
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2000). The increase in photo reduction rate of Hg(II) to Hg° at stronger solar radiation 
may result in higher mercury flux as Hg(II) in the soil is converted to more volatile 
species. In contrast, the negative correlation between mercury flux and relative humidity 
is most probably due to its correlation to solar radiation as well as air temperature, which 
are correlated with mercury flux. Therefore, the relative humidity will not be considered 
in future analysis.
R 2 = 0 .0 8 , N =251 R 2 = 0 .1 6 3 , N = 77  R 2 = 0 .0 0 , N =251
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Figure 4.5. Linear regression plots of measured environmental parameters vs. mercury 
flux. The hourly averages of the parameters are used. R2 and N represent the coefficient 
of determination and number of hourly averages of the environmental parameter, 
respectively
The activation energy explains the temperature dependence of air-soil mercury 
flux as computed by the Arrhenius equation:
zi°
F  = A e RT (4.1)
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where F  is the mercury flux (ng/m2/hr), R is the gas constant (1.98 kcal/mol.K), and T  is 
the soil temperature (K), A is the pre-exponential factor (ng/m2/hr), and Ea is the 
activation energy (kcal/mol). Therefore, a plot of In F  versus 1/7" will give a straight line 
of slope -Ea/R and intercept of In A. The Arrhenius plot for the field study is shown in 
Figure 4.6. The activation energy found was 23.9 kcal/mol although the correlation 
between In F  and 1 IT is weak. The activation energy obtained in this study is comparable 
to the literature values (Table 4.4). However, this number is higher than the activation 
energy for the volatilization of elemental mercury of 14.5 kcal/mol at 20°C (Kelly, 
1935). This suggests that the surface volatilization was not the only mechanism 
controlling the air-soil exchange of mercury. Perhaps several intermediate energy 
intensive steps such as biotic and abiotic reduction of Hg(II) to Hg° were involved in 
mercury volatilization from the soil (Lindberg et al., 1995) and increased the activation 
energy. In addition, the interference of the grass layer may also contribute to the 
difference between the actual and the theoretical values of activation energy.
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Figure 4.6. The Arrhenius plot showing the dependence of mercury flux on soil 
temperature in the field
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Table 4.4. Measured activation energy by the DFC method over soil
Environmental
components




Over soil Windsor, Ontario 23.9 This study
Over soil Oak Ridge, Tennesse 24.9, 18 (2 sites) Carpi and
Lindberg (1998)
Over soil St. Ancient pasture 20.5 Poissant and
field, Quebec Casimir (1998)
Over forest soil Kejimkujik National 14.6 Boudala et al.
Park, Nova Scotia (1999)
The results of simple regressions for each environmental parameters and a 
stepwise multiple regression are presented in Table 4.5. Table 4.5 shows that among all 
the parameters, the TGM concentration was mostly correlated to the mercury flux (R2 = 
0.31). Of different meteorological parameters, soil temperature and solar radiation were 
the two most important ones. A stepwise multiple regression, started with the TGM 
concentration, was conducted to find out the relative importance of each parameters. As 
can be seen from Table 4.5, the addition of soil temperature and solar radiation has 
increased the coefficient of determination of the multiple regression significantly. A 
small decrease in the value of coefficient of determination (R2 = 0.765) for the multiple 
regression of mercury flux is also observed (Table 4.5). This implies that the effect of 
relative humidity was confounding with the soil temperature and solar radiation effect on 
mercury flux. The addition of air temperature didn’t change the coefficient of 
determination. The multiple regression including TGM concentration, soil temperature, 
air temperature, solar radiation and relative humidity explains about 77% of the variance 
of mercury flux.
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Table 4.5. Simple and multiple regression analysis of mercury flux with different 
parameters for the field study. For simple regression the data points are same as in Figure 


































P 0.000 N/A 0.312 N/A N/A N/A N/A
Multi-reg
R2=0.61
P 0.000 N/A 0.481 N/A 0.000 N/A N/A
Multi-reg
R2=0.77
P 0.000 N/A 0.966 0.391 0.224 N/A N/A
Multi-reg
R2=0.765
P 0.000 N/A 0.469 0.375 N/A N/A N/A
Multi-reg
R2=0.77
P 0.000 0.775 0.877 0.370 0.227 N/A N/A
N/A: this parameter was not used in this multiple regression analysis
However, the correlation matrix as displayed in Table 4.6, shows a significant but 
moderate positive correlation of TGM concentration to mercury flux as well as to all 
environmental parameters except relative humidity, which has a negative correlation to 
mercury flux. Table 4.6 also shows moderate correlations between soil and air 
temperature (r = 0.722) as well as between solar radiation and soil temperature (r = 
0.633).
50
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 4.6 The Pearson correlation matrix of the estimated mercury flux and air 












Tsoil ( ° C ) 0.462 0.722
RH (%) -0.41 -0.127 -0.411
Rtotai (W/m2) 0.405 0.105 0.633 -0.359
TGM (ng/m3) 0.586 0.409 0.568 -0.273 0.367
The r-values in bold indicate that the parameter is significant (p<0.05)
Figure 4.7 shows the time series of ambient TGM concentration, mercury flux and 
the atmospheric pressure. The data used for the atmospheric pressure in Figure 4.7 were 
measured at Windsor Airport (Simpson, D., 2004), as the pressure at the Windsor Airport 
is more representative of the regional value and the dataset is more complete. The 
pressures more than 100 kPa (the average pressure measured at the Windsor Airport) are 
considered high and less than 100 kPa are considered low (Figure 4.7). From Figure 4.7, 
there doesn’t appear to be a correlation of TGM concentration and mercury flux with 
pressure.
Two rain events were observed during the period of the day while environmental 
parameters were measured. The first was on February 20, 2004 (1400 to 1500 hours) and 
the second was on March 5, 2004 (800 to 1000 hours). No change in mercury flux was 
observed for the first raining event, whereas a sharp rise in mercury flux and TGM 
concentrations were observed for the second raining event (March 5, 2004). For March 5, 
2004 low pressure was also recorded. However, the increase in TGM concentration as
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well as mercury flux would mostly be an effect of rain event. Studies (Carpi and 
Lindberg, 1998; Wallschlager et al., 1999) also found an increase in mercury emission 
from soil followed by rainfall as observed on March 5, 2004 for the present study. 
Nevertheless it is hard to draw any conclusion on the response of mercury flux to rainfall 
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Figure 4.7. The time series of hourly TGM concentration and mercury flux for the field 
site and the atmospheric pressure measured at the Windsor Airport
4.2 Chamber study
The quantification of air-soil mercury exchange needs characterization of the 
roles of different controlling factors. The presence of natural variability and 
environmental complexity in field studies, make it difficult to determine the exact 
influence of factors affecting air-soil mercury exchange. Solar radiation and soil 
temperature were found to be the two important parameters governing the air-soil 
mercury exchange in this field study (Table 4.6) as well as in other studies (e.g. Carpi and
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Lindberg, 1998; Poissant and Casimir, 1998). However, under field conditions, it is 
difficult to differentiate between the effects of solar radiation and soil temperature. A 
moderate correlation between solar radiation and soil temperature (r = 0.628) was found 
in the current field study (Table 4.6) and similar observations are also reported by other 
field studies (e.g., Poissant et al., 1999). Therefore, it becomes inconclusive from field 
studies, which parameter, either solar radiation or soil temperature, has more effect on 
air-soil mercury exchange.
A chamber study was conducted to address the individual effects of soil 
temperature and solar radiation on air-soil mercury exchange. The results for the chamber 
study can be found in Appendix B. The mercury content for the soil used in the chamber 
experiments was 64 ± 6 ng/g (dry weight). This soil Hg concentration was slightly higher 
than that measured in the field study. The data for mercury concentration can be found in 
Appendix F. During the chamber study the soil moisture content at a depth of 0.02 m 
from the surface remained almost constant (11.41±0.89 vol. %). Therefore, its effect will 
not be considered in future analysis. The pH of the soil was 6.53, which is near neutral. 
The DFC blank flux obtained in the chamber study was 2.2 ±1 .8  (mean ± 95% C.I.) 
ng/m2/hr. The mercury flux for the leak test with distilled water was 8.46 ng/m2/hr. This
difference between the leak and the blank mercury fluxes, with a high chamber air
-2
mercury concentration (approx. 60 ng/m ), demonstrated little leakage of chamber air 
through the connections. However, during the actual experimentation, leakage of 
chamber air through the soil was assumed to be the same. The leakage flux of chamber 
air mercury was calculated for different temperatures and chamber air mercury 
concentrations measured in the chamber study. Later, all mercury fluxes obtained in the
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chamber study were corrected for the chamber blank and chamber air leakage fluxes. A 
sample calculation for flux correction at 15°C can be found in Appendix C.
Effect o f  soil temperature and radiation
Six different target soil temperatures (5, 10, 15, 20, 25 and 30°C) were used in the 
chamber to study the effect of soil temperature on mercury flux at the air-soil interface. 
The selection of the temperatures was based on the soil temperature generally 
encountered in the environment in the local region and the capacity of the environmental 
chamber used in this study. It is to be mentioned that although several experiments were 
conducted in the chamber, only the experiments where soil temperature, air temperature 
and concentration difference reached steady states for equal to or more than one hour are 
analyzed here. A difference of less than 8% between two consecutive points for 
concentration difference, soil and air temperatures, which was not exceeded for the rest 
of the experiment, was the criteria for steady state.
Figure 4.8 shows the plot of mercury flux vs. soil temperature for the dark 
experiments. As displayed in Figure 4.8, emission (positive flux) is observed for all soil 
temperatures except for 10°C. A moderate positive correlation between soil temperature 
and mercury flux is also observed (Figure 4.8a). One thing to be observed from Figures 
4.8b and 4.8c is that the coefficient of determination for the linear and log linear 
relationships between mercury flux and soil temperature are similar. The linear 
relationship, shown in Figure 4.8b, will be used later to develop models from the 
chamber study.
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Figure 4.8. The relationship between mercury flux vs. soil temperature for the dark 
experiments in the environmental chamber a) linear relationship for all fluxes, b) linear 
relationship for the positive fluxes and c) log linear (In) relationship for the positive 
fluxes
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To find out the activation energy, an Arrhenius plot is used as shown in Figure 
4.9. The activation energy obtained from this plot is 15.7 kcal/mol, which is very close to 
the activation energy for the volatilization of elemental mercury of 14.5 kcal/mol at 20°C 
(Kelly, 1935). This result suggests that Hg° emission under the dark conditions is 
controlled mostly by the volatilization of Hg°.
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Inverse absolute temperature, (1000/Tsoil), K’1
Figure 4.9. The Arrhenius plot for the dark experiments in the environmental chamber
The results for the experiments with light are shown in Figure 4.10. As can be 
seen for the experiments with 2 and 1 MH 1000W bulb, the mercury flux increased with 
an increase in total radiation and soil temperature. For the experiments with 1 
M160R3/FL bulb and 2 M160R3/FL bulb with the acrylic UV filter, although the soil 
temperature remained almost constant, no straightforward correlation between mercury 
flux and total radiation was observed. Overall, a stronger and significant correlation
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between mercury flux and total radiation (R2 = 0.962, p = 0.038) was observed compared 
to the correlation between soil temperature and mercury flux (R2 = 0.912, p = 0.088). 
These findings suggest that the occurrence of photo reduction of reactive mercury 
(Hg(II)) to elemental mercury (Hg°) by solar radiation is controlling the mercury flux 
more than the soil temperature.
500 -------------------------------------------------------------------------------------------------------------------------------------------------------
450
■  Hg flux
■  Tsoil 
□  Rtotai
2 MH 1 MH 1 MR 2 MR+Filter
Figure 4.10. The results for the light experiments in the environmental chamber. The 2 
MH, 1 MH, 1 MR and 2 MR+Filter represents the light experiments with 2 and 1 MH 
1000W bulb, 1 M160R3/FL bulb and 2 M 160R3/FL bulbs with the acrylic UV filter, 
respectively
From the Arrhenius plot (Figure 4.11) for the light experiments the activation 
energy was calculated to be 14.6 kcal/mol, which is of similar magnitude as the activation 
energy found for the dark experiments and indicates that the surface volatilization of Hg° 
still has a large influence in controlling the mercury flux under light condition.
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Figure 4.11. The Arrhenius plot for the light experiments in the environmental chamber
Effect o f  UV, visible and IR radiation on mercury flu x
As shown in Figure 4.10, the last four sets of experiments (1 MH, 1 MR and 2 
MR+Filter) have almost the same soil temperature (13.00°C to 15.04°C, 13.71 ± 1.15°C). 
However, the flux for 1 MR was higher than that for 2 MR+Filter, although the total 
radiation for 2 MR+Filter was more. The seemingly contradictory observation of mercury 
flux increasing with a decrease in total radiation may be explained by looking at the 
spectra of the light bulbs.
Table 4.7 shows the soil temperature and radiation data of different wavelengths 
for the light experiments in the chamber. Table 4.7 also shows that the MH 1000 W bulbs 
have higher percentage of visible radiation (40% vs 13%) and the M160R3/FL bulbs 
have higher percentage of infrared radiation (20% vs. 6%). For UV radiation, both types 
of bulb have 2-3% in this wavelength range. However, the UV filter reduces this to
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
0.05%, and the value of the UV radiation from 2 MR+Filter is half that of one 
MR160R3/FL bulb. The greater UV radiation corresponds to greater flux.
Table 4.7. Statistical summary of the light experiments in the chamber
Bulbs Tsoil















2 MH1000W 32.98 254.00 6.35/2.5 99.12/39 16.00/6.3 442
1 MH1000W 13.00 96.00 2.82/2.9 39.71/41.3 5.90/6.1 200
1 M160R3/FL 15.04 38.00 0.72/1.9 4.91/12.9 7.85/20.6 88.7
2 M160R3/FL 
with U V  filter
13.10 64.16 0.35/0.05 8.05/12.5 13.20/20.6 35.5
% represents the percentage of total
To further demonstrate the effect of radiation of different wavelengths, individual 
correlations of UV, visible and infrared radiation with mercury flux were investigated. 
This investigation reveals that UV radiation seems to affect the mercury flux the most 
(Table 4.8). Table 4.8 also shows that the radiation of visible wavelengths has also a 
strong and significant effect on mercury flux whereas the infrared radiation has no 
significant effect. No steady state was achieved for the experiment with two M160R3/FL 
bulbs (Appendix B, Figure B.14) although the total (68.10 W/m2), visible (8.61 W/m2) 
and infrared (14.00 W/m ) radiation were very close to the experiment with 2 
M160R3/FL bulbs and acrylic filter (Table 4.7), the UV radiation (1.34 W/m2) was 
different.
The concentration difference between the DFC outlet and the ambient air was 
observed to decrease to zero. The loss of mercury from the surface soil was speculated to
59
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
cause this. Therefore, soil samples from the surface and deeper (6 ~ 10mm) layer were 
analyzed for mercury and the results came very close (69 and 62 ng/g). However, the 
mixing of soil of different depths during sample collection might have caused the 
similarity of mercury concentration at two depths whereas the mercury loss could be 
from the very top layer (~lmm).
















Ruv 0.997 0.898 0.970
(W/m2)
Rvisible 0.989 0.908 0.986 0.996
(W/m2)
Rir 0.470 0.733 0.678 0.481 0.547
(W/m2)
The r-values in bold represent the parameter is significant (p<0.05).
To isolate the effects of soil temperature and radiation, the ratio of mercury flux 
in light and dark conditions (light:dark) at the same soil temperature for each pair (for the 
experiment with 2 MH 1000W bulbs the soil temperature is approximately 33°C and for 
others it is approximately 15°C) were used. This allows the removal of the effect of soil 
temperature on air-soil mercury flux to some extent. Figure 4.12 displays the increase of 
air-soil mercury flux with incident radiation. In Figure 4.12, the triangles and the 
diamonds represent the experiments with MH 1000W bulbs and with M160R3/FL bulbs, 
respectively. As can be seen from Figure 4.12 that the increment of flux for the 
experiment with 1 MH 1000W bulbs compared to the dark is approximately a factor of 7
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whereas the increment for the experiment with 2 MH 1000W bulbs is a factor of 3, 
although the total radiation for 2 MH 1000W bulbs was more than 1 MH 1000W bulbs. It 
appears that under higher soil temperature (for the experiment with 2 MH 1000W bulbs) 
the increment in flux with the addition of light is less compared to low soil temperature 
(for the experiment with 1 MH 1000W bulbs). It can also be seen from Figure 4.12 that 
for the experiments with 1 M160R3/FL bulb and 2 M160R3/FL bulbs with the acrylic 
filter, with similar soil temperatures, the increase in flux is less for more total radiation 
(but less UV). However, this result is inconclusive due to the presence of radiations of 
other wavelengths.
A multiple regression with soil temperature and radiation of different wavelengths 
is shown in Table 4.9. There appears to be a higher strength of correlation (R = 0.996) 
and significance (p = 0.098) of UV radiation in the multiple regression of flux with UV 
radiation and soil temperature compared to the multiple regression of flux with soil 
temperature and visible radiation (R = 0.979, p  = 0.230). These findings suggest a 
greater influence of UV radiation over visible radiation on air-soil mercury exchange. 
However, it must be repeated that the light sources used in the experiments had a 
combination of wavelengths of radiation. Therefore, the attribution of mercury flux to a 
single wavelength region is not justified with this analysis.
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▲ 1 MH 1000W
♦  1 MR160R3/FL
A  2 MH 1000W
+  2 M160R3/FL+UV filter
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Rtotal? W/m2
Figure 4.12. The mercury flux ratio (light:dark) vs. total radiation
Table 4.9. Multiple regression of mercury flux with various parameters for the light
experiments in the chamber
Tsoil Rtotal Ruv Rvisible
R 2 p-value
0.926 0.981 0.460 N/A N/A
0.996 0.669 N/A 0.098 N/A
0.979 0.853 N/A N/A 0.230
N/A: this parameter is not involved in the multiple regression analysis
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Due to the deterioration of the ozone layer more UV radiation from the sunlight is 
likely to reach the earth surface, thus providing more photo energy to the soil surface, 
although the change in total solar radiation might be insignificant. Therefore, generally 
more mercury flux may be anticipated in the future.
More studies in the controlled environment with light sources, generating 
radiation of individual wavelengths, would be very useful to reach a firm conclusion. 
Additional studies at lower soil temperatures (<5°C) experienced in cold climate, with 
and without radiation, will certainly be an important addition to our existing knowledge.
4.3 Modeling air-soil mercury exchange 
M odel development
Different models were developed from the chamber study to simulate the mercury 
flux in the field. These models are all first order (linear) with respect to the parameters. 
The data used to develop the model are summarized in Table 4.10. For the dark 
experiments both total and UV radiation are considered to be zero.
A total of ten models were developed in the present study, eight of them from the 
chamber study (Model 1 to 8) and the other two from the field study (Models 9 and 10). 
As the radiation data used in the model development were measured under the DFC, all 
the radiation values measured in the field study were recalculated using the percentage 
transmissivity of total (85%) and UV (67%) radiations through the DFC as if the 
radiations were measured under the DFC (see Appendix G). Models 9 and 10 were 
developed using the field data from February 17 to 19, 2004, as for February 16, 2004 the 
difference between soil and air temperature was very high and not usual.
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As can be seen from Table 4.11, Models 1 and 2 have moderate coefficient of 
determination (R2 from 0.5 to 0.52). Model 8 has the highest coefficient of determination; 
however, it has weak significance for air and soil temperature. Model 7 has a weak 
significance (p-value) for T SOii but high significance for R totai and T air.
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No light 8.51 33 9.86 5.01 4.71 0.00 0.00
No light 10.7 58 -17.0 10.27 8.97 0.00 0.00
No light 23.4 60 89.1 13.45 12.95 0.00 0.00
No light 9.49 60 -31.8 15.47 15.50 0.00 0.00
No light 15.8 60 23.7 20.98 20.94 0.00 0.00
No light 25.5 58 113 23.62 23.93 0.00 0.00
No light 38.4 92 164 29.88 30.62 0.00 0.00
2 MH 1000 W 69.6 92 442 32.98 34.14 254.00 6.35
1 MH 1000 W 36.6 62 200 13.01 13.30 96.00 2.82




9.72 25 35.6 13.10 12.80 64.16 0.35
env. chm = Environmental chamber
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Table 4.11. Different models developed from chamber and field studies. The units for 
temperature (air and soil) is °C, and for radiation (total and UV) is W/m2
Model R2 p-value
1)F = -95.1 + 11.27;o,7 0.50 Tsoil
0.015
2)F = -88.9+ 10.87;,., 0.52 Tair
0.012
3)F  = - 5 3 3  + 6.03Tso il+ l.2 R tolal 0.87 Tsoil Rtotal
0.030 0.001
4)F = -4 l.79  + 5.53Tsoil+ 49JR uv 0.91 Tsoil R uv
0.022 0.000
5)F = -49.6 + 5.837;,,+1.187?,OM/ 0.87 T air Rtotal
0.026 0.001
6 )F  = -38.3 + 5.357;,■, + 49R UV 0.91 T air Ruv
0.02 0.000
7)F = -26.7-26.37^ +30.87;,., +1.12***, 0.88 Tsoil Rtotal T air
0.540 0.004 0.450
8 )F  = -21.2-20.2 Tsoil + 24.67;,., + 47.27?av 0.91 Tsoil Ruv T air
0.580 0.001 0.480
9) log F  = 0.12067;o// + 0.0902 0.61 Tsoil
0.02




1 ""2 "" ""
The R -values in bold represent the parameter is significant (p<0.05) in the respective 
regression equation.
Validation o f  models
The developed models are divided into three groups depending on the parameters 
considered in their development. Group one consists of Models 1 and 2, which include 
either air or soil temperature. Group two consists of Models 3, 5 and 7, which consider 
total radiation and either air or soil temperature or both. Group three consists of Models
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4, 6 and 8, which are developed on UV radiation and either air or soil temperature or 
both.
Figure 4.13 shows the time series of measured and modeled mercury flux by the 
models of group one. For most of the days, both models (Models 1 and 2) under predicted 
the mercury flux. However, Model 1 appears to under predict for most of the days except 
for February 16, 2004, when it over predicted the mercury flux. Overall Model 1 
predicted mercury fluxes higher and closer to the measured fluxes than Model 2.
Further investigation of the air temperature, soil temperature and solar radiation, 
measured in the field and the chamber were conducted as the difference in these 
parameters between the chamber and the field was suspected to cause limitations in the 
model’s usefulness. Figure 4.14 shows the time series of the measured air and soil 
temperatures as well as the solar radiation in the field. The Figure shows that all three 
parameters followed a diurnal variation for all of the days. Table 4.12 presents a 
summary of the measured air and soil temperatures in the field and the chamber. As can 
be seen, for the days having a strong correlation between soil and air temperatures in the 
field similar to in the chamber, Models 1 and 2 appear to predict fluxes better than the 
fluxes predicted for the days having a poorer correlations between soil and air 
temperatures. The difference between soil and air temperatures presented in Table 4.12 
shows that for the days (February 19 and February 24 to 26) having less difference 
between soil and air temperature, Models 1 and 2 were predicting fluxes closer to the 
measured ones than the other days.
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Figure 4.13. The time series of measured and modeled mercury flux by Models 1 and 2 
for a) February 16 to 19,2004 and b) February 24 to 26,2004
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Figure 4.14. The time series of measured and modeled mercury flux for a) February 16 to 
19, 2004 and b) February 24 to 26,2004
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Table 4.12. Summary of the T SOii and T ajr measured in the chamber and the field study
T so il___________________ Tair_______________ (T so ii-T a ir )  Coefficient of
Max. Min. Max. Min. Max. Min.
determina 
between Tson
Chamber 32.98 5.01 34.14 4.71 1.30 -1.16 0.99
Field, Feb 16 18.71 -4.93 -3.59 -7.59 23.12 1.03 0.31
Field, Feb 17 10.56 -2.32 2.60 -5.06 10.17 -1.09 0.16
Field, Feb 18 5.45 -0.04 1.00 -2.74 6.00 -0.99 0.03
Field, Feb 19 13.55 1.16 8.21 2.35 6.28 -1.34 0.79
Field, Feb 24 7.40 1.28 2.97 -1.20 4.99 1.52 0.80
Field, Feb 25 12.09 0.42 5.68 -1.23 6.41 0.90 0.81
Field, Feb 26 8.91 3.49 4.09 1.29 5.05 1.34 0.77
Figure 4.15 shows the time series of the measured and the modeled flux by the 
Models 3, 5 and 7. All three models predicted fluxes of similar pattern for February 18 
and 19, 24 and 26, 2004 (Figure 4.15). However, on February 16, 2004, Models 3 and 5 
over-predicted and model 7 under-predicted the mercury fluxes (even with negative 
values) and on February 17, 2004 Models 3 and 5 were predicting the fluxes of similar 
pattern and the prediction by Model 7 appears to have a time lag compared to the 
predictions by Models 3 and 5. This time lag between the predictions by Model 7 and the 
other two (Models 3 and 5) may be due to the time lag observed between air and soil 
temperatures measured in the field on February 17, 2004 (Figure 4.14a). The higher 
predictions by Model 5 compared to Model 3 may be attributed to the higher soil 
temperature than the air temperature, measured in the field. Of these three models 
(Models 3, 5 and 7), Model 7 predicted the least flux and it may be due to the significant 
difference between the measured air and soil temperatures in the field and the chamber. 
For the days having a strong correlation between air and soil temperatures in the field 
(February 19 and 24 to 26, 2004) similar to the chamber, Models 3, 5 and 7 predicted 
fluxes of similar pattern except for February 18, 2004. Overall, model 7 predicted the
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least flux and the predictions by Model 7 were an order or so higher than the measured. 
Overall, Models 3, 5 and 7 predicted a flux within a factor of 20 compared to the 
measured for most of the days, 
a
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Figure 4.15. The time series of measured and modeled mercury flux by Models 3, 5 and 7 
for a) February 16 to 19,2004 and b) February 24 to 26,2004
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Models 4, 6 and 8 were developed using the calculated UV radiation instead of 
the total radiation. Figure 4.16 shows the time series of the measured and modeled fluxes 
by Models 4, 6 and 8 for February 17, 2004 when the UV radiation was measured along 
with the total radiation. It displays that Models 4 and 6 were over predicting and Model 8 
was under predicting during the early hours (before 1400 hours). However, after 1400 
hours Models 4 and 6 seems to under predict whereas Model 8 appears to over predict 
fluxes compared to the measured ones.
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Figure 4.16. The time series of measured and modeled flux by Models 4, 6 and 8 on 
February 17, 2004
Figure 4.17 displays the time series of the measured and modeled fluxes by 
Models 4, 6 and 8. As can be seen, for February 16, 2004 Model 8 under predicted the 
mercury flux whereas Models 4 and 6 over predicted. The significant difference between 
the measured soil and air temperatures in the field on February 16, 2004 (Figure 4.14) 
may be responsible for this observation. Of all the models of group three, Model 8 
predicted the least flux and Model 4 the most. Model 8 appears to predict fluxes close to
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the measured values on February 19 and 24 to 26, 2004. The strong correlation between 
air and soil temperatures measured in the field on those days (February 19, 24 to 26, 
2004) similar to the correlation found in the chamber study as well as used in model 
development may explain this observation. Moreover, the similarity of the magnitudes of 
air and soil temperatures between the field measurements and used in the model 
development during those days may also be responsible for better model predictions for 
those days. Overall, the prediction by the Model 8 was within a factor of 4 or so and the 
predictions for Models 4 and 6 were within a factor of 8 compared to the measurements.
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Figure 4.17. Time series of measured and modeled flux by Models 4, 6 and 8 for a) 
February 16 to 19 and b) February 24 to 26
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The models of group three appear to predict fluxes closer to the measured ones 
than the models of the other two groups. This suggests that the UV radiation may be 
more related to air-soil mercury flux than total radiation as also observed in the chamber 
study. Table 4.13 lists the coefficient of determination values between the measured and 
predicted flux by all models used. As can be seen, all the models have weak coefficients 
of determination. Overall, although the predictions by Model 8 were least correlated to 
the measured fluxes, its prediction appears to be within a factor of 4 for most of the days. 
The exclusion of February 16, 2004 from the analysis, due to the unusual observation on 
that day, has increased the coefficient of determination for all the models.











Ratio of modeled vs. measured 
Max Min Mean Median
1 248 0.21 0.25 532 -8010 -35.5 0.002
2 248 0.08 0.09 975 -13668 -59.7 -1.69
3 77 0.21 0.27 176 -538 6.39 8.68
4 77 0.25 0.34 54.9 -203 1.87 2.93
5 77 0.21 0.25 276 -685 10.7 13.4
6 77 0.30 0.34 34.8 -97.8 1.49 2.03
7 77 0.12 0.16 128 -115 4.44 3.36
8 77 0.04 0.11 276 -127 0.58 -0.86
9 217 0.07 0.26 519 -119 4.21 0.51
10 77 0. 27 0.37 13.1 -17.9 0.67 0.62
w/ and w/o represents with and without, respectively
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None of the models was found to be sufficiently applicable to the field. One factor 
may have been that the range of environmental conditions used in model development 
differed significantly from the field condition. To demonstrate the effect of the difference 
of environmental condition on the model’s application in the field, Models 1 and 2 are 
taken as examples. Figure 4.18 shows the measured fluxes in the field as well as in the 
chamber study as functions of soil (Figure 4.18a) and air temperatures (Figure 4.18b). 
Figure 4.18a illustrates that when the soil temperature measured in the field is in the 
range of soil temperatures (5 to 33°C) used in the model development, the predictions by 
Model 1, with soil temperature as the only variable, appear to be within a factor of 3. A 
hind cast using Model 1 indicates that Model 1 tends to suffer from severe under 
prediction as the soil temperature decreases away from the range of soil temperature. The 
steeper slope of Model 1 compared to the measured indicates that the response of 
modeled flux to the soil temperature is more than that of measured. This difference in 
response of flux to the soil temperature might cause the insufficient application of the 
model beyond the range of soil temperature used in the model development. However, 
under higher soil temperatures compared to the soil temperature measured in the present 
field study the mercury flux could behave in a different way and a good agreement 
between the measured and modeled fluxes could be possible. The mean absolute relative 
error (MARE) of flux (F) is calculated using the following Equation:
100 NMARE(%)= —  £
P  — Pi,measured /,mod eled
pr i, measured
(4.1)
where, N is the number of measured data, Fi>meaSured is the measured flux in the field and 
Fj.modeiedis the modeled flux.
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Three regions of soil temperature (-5 to 5°C, 5 to 15°C and -5 to 15°C) were used 
to find the MARE as displayed in Table 4.14. Table 4.14 shows that for 5 to 15°C, the 
MARE is the lowest and the calculated MARE tends to be very large when the 
temperature went beyond the range of temperature (-5 to 5°C) used in the model 
development.
Table 4.14. Comparison between measured and modeled flux by Model 1 for three ranges 
of soil temperature__________ _______________________ _________________________
Range of soil temperature (°C) No. of samples MARE (%)
-5 to 5°C 99 12967
5 to 15°C 149 1168
-5 to 15°C 248 5890
Figure 4.18b reinforces the observations from Figure 4.18a. A better prediction by 
Model 2, developed on air temperature, was observed when the air temperature is in the 
range of the air temperature (5 to 34°C) used in the model development. The findings 
from Figure 4.18, thereby clearly indicates the importance of the similarity between the 
air and soil temperatures used in the model development and application.
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Figure 4.18. Comparison of measured and modeled flux for a) Model 1 for soil 
temperature and b) Model 2 for air temperature
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In addition to the abovementioned reason, several other factors might be 
responsible for the poor applicability of the developed models to simulate the field flux. 
One of them may have been that the soil moisture content differs between the field and 
the chamber studies. The soil surface was visibly more wet in the field study compared to 
in the chamber study, however, no measurement of soil moisture content was conducted 
in the field. In addition, the homogenization of the field soil before its use in the chamber 
study might have altered soil properties resulting in higher mercury flux in the chamber 
study. Moreover, no layer of grass was on top of the soil under the chamber condition. In 
the field the vegetation layer could have two kinds of interference with the mercury flux: 
1) it could act as a layer increasing the surface roughness, and 2) its biological activities 
during the later period of the field study might influence the air-soil mercury flux 
measured in the field. These two possibilities in terms of the vegetation layer may also 
introduce additional differences encountered in the field and in the chamber. Estimating 
the UV radiation fraction of the total radiation, based on one day’s measurement, likely 
introduced extra uncertainties in the application of Models 4, 6 and 8 to the field.
The difference in range of air as well as soil temperatures and the soil condition 
between the chamber and the field studies seems to be responsible for the insufficient 
application of the developed model in the field. Therefore, it would be expected that if 
the models were developed from the field study instead of the chamber study, it would be 
better. Carpi and Lindberg (1998) formulated two relationships (Equations 2.4 and 2.5) 
relating the logarithm of air-soil mercury flux to solar radiation and soil temperature. 
They also mentioned that the regression coefficients used in their models are likely 
depending on various soil properties, such as soil moisture, and Hg content in soil. Using
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the log linear relationship between mercury flux and solar radiation as well as soil 
temperature proposed by Carpi and Lindberg (1998), two models (Models 9 and 10) were 
developed from the present field study. The data from February 17 to 19, 2004 were used 
to develop the models as unusual observations for soil and air temperatures was found on 
February 16, 2004. The data from February 24 to 26, 2004 were used to validate the 
model.
Figure 4.19 shows the time series of the measured and predicted fluxes by Models 
9 and 10 from February 24 to 26, 2004. Figure 4.18 illustrates that both Models 9 and 10 
were predicting a flux within a factor of 2 and 7 compared to the measured, respectively 
for most of the days. Figure 4.19 also depicts that for February 24 to 26, 2004 both 
Models 9 and 10 were more applicable to the field than the models developed from the 
chamber study (Models 1 to 8). However, the correlations between the measured and 
modeled fluxes in Models 9 and 10 were 0.07 and 0.27, respectively. The study by Carpi 
and Lindberg (1998) was conducted from April to August 1995 whereas the present study 
was conducted in a relatively colder season (February 10 to March 9, 2004). This 
seasonal difference between the present study and the study by Carpi and Lindberg as 
well as the difference in site characteristics (e.g. presence/absence of grass layer on top of 
the soil surface) may be responsible for their stronger correlations between measured flux 
and soil temperature and solar radiation.
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Figure 4.19. The time series of measured and modeled flux by Models 9 and 10 from 
February 24 to 26,2004
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The measured TGM concentration for the study site in Windsor was 5.9 ng/m ,
■3
which was higher than those reported in the literature for rural areas (1.8 ng/m ) during 
February 2003. Both TGM and air-soil mercury flux in the field were following a diurnal 
variation with a peak during 1100 to 1400 hours, which imply prominent influences of 
solar radiation, soil temperature and air temperature on mercury flux. Among the 
environmental parameters soil temperature and solar radiation were two important ones 
due to their higher correlation with mercury flux compared to others. However, none of 
these parameters was strongly correlated to the mercury flux. The ambient TGM
>y
concentration was moderately correlated (R = 0.31) to the air-soil mercury flux and 
indicated the predominant association between TGM concentrations and air-soil mercury 
flux compared to other parameters for this study. Overall, a variance of 76.5% of mercury 
flux was explained by TGM concentration, soil temperature and total solar radiation.
Investigations of the individual effect of soil temperature as well as solar radiation 
on air-soil mercury flux and the characterization of the radiation effect were conducted in 
a chamber study. Radiation was found to have more influence on air-soil mercury flux 
than soil temperature. The type of light source appears to influence the air-soil mercury 
flux. The ratio of mercury flux of the light to the dark condition at approximately the 
same soil temperature was more for the MH 1000W bulb producing mostly visible 
radiation than that for the MR160R3/FL bulb producing mostly infrared radiation. These 
findings imply the importance of UV and visible radiation on air-soil mercury flux rather
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than the infrared radiation. However, the coexistence of UV, visible and IR radiation in 
the light sources do not allow reaching a firm conclusion about which spectra of radiation 
has more influence on air-soil mercury exchange.
Ten different linear models were developed, eight from the chamber study and 
two from the field study. All of the models developed from the chamber study predicted 
fluxes within a factor of 20 of the measured values for most of days. The models using 
the UV radiation along with air temperature or soil temperature or both were found to 
predict fluxes closer to the measured ones than the models using total radiation. 
However, a constant fraction of UV radiation in the total, measured on February 17, 
2004, was used to estimate the UV radiation for other days, which may introduce 
additional uncertainties. The difference in 1) soil temperature, 2) air temperature, 3) 
radiation and 4) soil conditions such as presence/absence of grass layer, soil moisture 
content between the field and the chamber may also be the reason for the limited 
applicability of the models to the field. Two simple models based on Carpi and 
Lindberg’s (1998) formulation were found sufficiently applicable to the field although 
the correlation between the measured and the modeled fluxes were weak as well.
5.2 Recommendations
It is recommended that:
• More controlled laboratory studies at lower soil temperature (<5°C) be 
conducted to investigate the behavior of air-soil mercury flux during colder 
seasons.
83
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
• Individual light sources to produce radiation of defined spectra (nearly pure 
UV, visible and infrared) should be used. Studies using radiation of individual 
wavelengths will provide better understanding of the roles of different spectra 
of solar radiation on air-soil mercury flux.
• More controlled laboratory studies, using soil temperature, air temperature 
and solar radiation of similar magnitudes as in the field, be undertaken to 
further develop these models.
• More field studies over a longer period (covering the seasonal variation) with 
wider variation of air and soil temperatures (range from -10 to 35°C) would 
improve the current understanding of the air-soil mercury exchange process 
and the robustness of the models.
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15-Feb 2100-2159 -1.80 4.34 5.00
2200-2259 -1.66 4.18 5.48
2300-2359 -1.74 4.11 5.17
16-Feb 000-059 5.72 4.10 5.09
100-159 7.07 3.98 4.92
200-259 5.24 3.92 5.32
300-359 9.78 3.90 5.98
400-459 11.97 3.95 5.71
500-559 18.88 3.91 6.11
600-659 22.28 3.93 6.43
700-759 23.59 3.99 7.14
800-859 CO, clear sky 12.36 3.95 7.70
900-959 CO, sunny 6.60 4.62 8.26 -7.60 0.69 46 0.41 101.28 84.60
1000-1059 Clear8, sunny 7.44 4.92 7.82 -6.98 0.66 43 0.54 101.37 187.00
1100-1159 Clear, sunny 7.96 5.45 6.24 -5.69 5.83 38 0.52 101.36 231.00
1200-1259 Clear, sunny 7.95 5.28 6.99 -4.60 15.77 35 0.68 101.31 347.00
1300-1359 Clear, sunny 5.77 5.77 7.50 -4.07 18.71 38 0.55 101.21 398.00
1400-1459 Clear, sunny 13.22 6.90 7.42 -3.60 12.17 40 0.54 101.15 265.00
1500-1559 Clear, sunny 8.94 5.71 7.39 -3.59 9.29 44 0.54 101.12 132.00
1600-1659
9
Clear, shade 7.57 5.63 9.42 -4.06 -0.26 45 0.49 101.11 60.00
1700-1759 Clear, shade 10.13 5.07 9.35 -4.85 -2.81 49 0.51 101.07 10.00
1800-1859 Clear, dark10 5.49 4.59 7.57 -5.71 -4.68 54 0.43 101.08
1900-1959 Clear, dark 1.03 4.13 7.72 -5.96 -4.93 59 0.38 101.10
2000-2059 Clear, dark 0.44 4.07 6.63
2100-2159 0.09 3.90 5.50
2200-2259 -0.70 3.76 5.21
2300-2359 -1.16 3.74 5.07
17-Feb 000-059 -1.06 3.76 4.87
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900-959 CO, cloudy 17.17 6.12 9.33 1.54 5.02 66 0.28 81.53 90.57
1000-1059 CO, cloudy 53.35 11.21 18.81 3.58 7.66 52 0.36 141.14 91.33
1100-1159 F.D., cloudy 85.99 13.29 24.86 4.98 8.63 42 0.43 114.60 91.89
1200-1259 91.98 20.54 32.84 6.06 11.24 37 0.48 74.66 89.80
1300-1359 F.D., cloudy 79.87 13.60 24.42 5.75 11.78 37 0.42 229.60 88.99
1400-1459 77.88 14.49 25.08 6.31 11.63 35 0.56 253.56 88.53
1500-1559 F.D., cloudy 19.48 15.08 18.56 5.43 10.19 36 0.56 258.17 89.01
1600-1659 33.11 7.71 12.85 4.88 8.41 36 0.59 285.61 90.44
1700-1759 F.D., cloudy 31.87 8.55 13.54 4.21 6.68 37 0.52 240.07 91.39
1800-1859 F.D., cloudy 26.44 8.50 12.83 3.73 5.90 38 0.40 302.61 92.90
Note: *CO: condensation inside the DFC
2S.C: snow cover under the DFC 
3Sunny: Sunny day
4D. of W.: drops of water inside the DFC 
5F.D.: few drops of water inside the DFC 
6Part. cloud: partly cloudy sky 
7Cloudy: cloudy sky 
8clear: Clear inside of DFC 
9Shade: in the shade of Essex Hall 
10Dark: the surrounding is dark 
n Rain: rain event
Symbols: TGM(amb): ambient TGM concentration






























•  Cone. diff(cake pan -amb) 
ATsoil 
□  Tair
14:24 14:52 15:21 15:50 16:19 
Time (EST)
16:48 17:16 17:45 18:14
Figure B.l. The dark experiment at 5°C on April 27, 2004. The data used are highlighted 















0eoU 9:36 10:48 12:00 13:12 14:24 15:36 16:48 18:00
Time (EST)
Figure B.2. The dark experiment at 10°C on April 23, 2004. The data used are 
highlighted in the square box. The chamber air Hg concentration was 58 ng/m3
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10:33 10:48 11:02 11:16 11:31 11:45 12:00 12:14 12:28 12:43
Time (EST)
Figure B.3. Duplicate for the dark experiment at 15°C on April 9,2004. The data used are 
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9:36 12:00 14:24 
Time (EST)
16:48 19:12 21:36
Figure B.4. The dark experiment at 15°C on April 20, 2004. The data used are 
highlighted in the square box. The chamber air Hg concentration was 60 ng/m3
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•  Cone. diff. (cake pan-amb) 
ATsoil 
□  Tair
10:48 11:02 11:16 11:31 11:45 12:00 12:14 12:28 12:43 12:57 13:12
Time (EST)
Figure B.5. The dark experiment at 20°C on April 12, 2004. The data used are 
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•  Cone. diff. (cake pan-amb) 
ATsoil 
□  Tair
18:57 19:26 19:55 20:24  20:52 21:50  22:1918:00 18:28 21:21 22:48
Time (EST)
Figure B.6. The dark experiment at 25°C on April 12, 2004. The data used are 
highlighted in the square box. The chamber air Hg concentration was 58 ng/m3
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g  g jj I  fi - I  B B fi 2 2 B B 5!
15:36 16:48 18:00 19:12 20:24 21:36
Time (EST)
Figure B.7. The dark experiment at 30°C on April 11, 2004. The data used are 
highlighted in the square box. The chamber air Hg concentration was 92 ng/m3
Cone. diff. (cake pan-amb)
ATsoil
□  Tair
12:00 12:28 12:57 13:26 13:55 14:24 14:52
Time (EST)
15:21 15:50 16:19 16:48
Figure B.8. Duplicate for the dark experiment at 5°C on April 14, 2004. The chamber air 
Hg concentration was 48 ng/m3. The data are not used in the analysis
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•  Conc.diff. (cake pan-amb) 
▲ Tsoil 
□  Tair
B B B B
13:12 13:26 13:40 13:55 14:09 14:24 14:38 14:52 15:07 15:21 15:36
Time (EST)
Figure B.9. Duplicate for the dark experiment at 10°C on April 13, 2004. The chamber air 
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•  Cone. diff. (cake pan-amb) 
ATsoil 
□  Tair
14:52 16:04 17:16 18:28 19:40
Time (EST)
Figure B.10. Duplicate for the dark experiment at 20°C on April 26, 2004. The chamber 
air Hg concentration was 50 ng/m3. The data are not used in the analysis
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•  Cone. diff. (cake pan-amb) 
▲ Tsoil 
□  Tair
:48 18:00 19:12 20:24 21:36 22:48
Time (EST)
Figure B.l 1. The light experiment with one MH 1000 W bulb on April 9, 2004. The data 
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Figure B.12. The light experiment with two MH 1000 W bulbs on April 10, 2004. The 
data used are highlighted in the square box. The chamber air Hg concentration was 
assumed to be the same as the dark experiment at 30°C (92 ng/m3)
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10:33 10:48 11:02 11:16 11:31 11:45 12:00 12:14 12:28 12:43 12:57
Time (EST)
Figure B.13. The light experiment with one M160R3/FL bulb on April 15, 2004. The data 



















•  Cone. diff. (cake pan-amb) 
ATsoil 
□  Tair
0:00 2:24 4:48 7:12 9:36 12:00 14:24 16:48 19:12
Time (EST)
Figure B.14. The light experiment with two M160R3/FL bulbs on April 16, 2004. The 
data used are highlighted in the square box. The chamber air Hg concentration was 60 
ng/m3. The data are not used in the analysis
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•  Cone. diff. (cake pan-amb) 
A T soil 
□  Tair
11:02 11:31 12:00 12:28 12:57
Time (EST)
Figure B.15. The light experiment with two M160R3/FL and the acrylic UV filter on 
April 28, 2004. The data used are highlighted in the square box. The chamber air Hg 





























17:16 17:45 18:14 18:43
Time (EST)
19:12 19:40 20:09
Figure B.16. Duplicate of light experiment with two M160R3/FL and the acrylic UV 
filter on April 17, 2004. The chamber air Hg concentration was 70 ng/m3. The data are 
not used in the analysis
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•  Cone, diff (cake pan-amb)
□  Tair
▲ Tsoil
13:12 13:40 14:09 14:38 15:07 15:36
Time (EST)
16:04 16:33 17:02
Figure B.17. Duplicate of light experiment with one MH 1000W bulb on April 7, 2004. 
The chamber air Hg concentration was not measured. The data are not used in the 
analysis
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APPENDIX C
BLANK RESULTS AND CORRECTION PROCEDURE 
FOR BLANK FLUX, TEMPERATURE AND CHAMBER 
AIR LEAKAGE.







16:35:00 5.38 4.28 9.72 Mean flux 9.13
16:45:00 5.27 4.35 8.13 Standard deviation 0.87
16:55:00 5.12 4.04 9.54
Table C.2. Field blank on February 4, 2004 
Cake pan 
TGM Amb. TGM
Time (ng/m3) (ng/m3) Flux (ng/m2/hr)
17:50:00 6.82 5.83 14.34 Mean flux 11.97
18:00:00 6.52 5.75 11.00 Standard deviation 2.55
18:10:00 6.76 5.81 13.71
18:20:00 6.09 5.47 8.83







17:50:00 6.91 5.82 15.64 Mean flux 18.00
18:00:00 7.29 6.12 16.92 Standard deviation 3.06
18:20:00 7.64 6.15 21.46
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.














0 8:45:00 B 4.943 4.76 4.64 4.37 5.24 Mean flux 2.23
0 8:50:00 A 4.59 0.25 Statndard deviation 2.02
0 9:05:00 B 4.677 4.40 0.47
0 9:10:00 A 4.138 2.58
0 9:39:42 B 4.737 4.60 2.64
0 9:44:42 A 4.466
0 9:59:42 B 4.746 4.67
0 10:04:42 A 4.602
0 10:19:42 B 5.077 4.77
0 10:24:42 A 4.463
1 8:35:00 B 4.149 4.13
1 8:40:00 A 4.11
1 8:55:00 B 4.631 4.37
1 9:00:00 A 4.123
1 9:29:42 B 4.788 4.54
1 9:34:42 A 4.301
1 9:49:42 B 4.68 4.36
1 9:54:42 A 4.04
1 10:09:42 B 4.552 4.45
1 10:14:42 A 4.346
Pos 0: cake pan outlet, pos 1: ambient air, car: cartridge used, avg.: average
Table C.5. Test for the leakage through the connections on April 6, 2004
TGM Avg. of DFC Avg. of amb. Flux Mean flux
Pos Time Car (ng/m3) outlet (ng/m )
. . .  (ng/m ) (ng/m2/hr) (ng/m2/hr)
0 20:30:00 B 5.766a 5.125a 3.919a 10.66a 8.46
0 20:35:00 A 4.484a
0 20:50:00 B 4.875b 4.468b 3.759b 6.27b
0 20:55:00 A 4.061b
1 20:40:00 B 4.212a
1 20:45:00 A 3.626a
1 21:00:00 B 4.056b
1 21:05:00 A 3.462b
Pos 0: cake pan outlet, pos 1: ambient air, car: cartridge used, avg.: average
124
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■ 6 6 A ■ a A A A
13:40 14:52 16:04 
Time (EST)
17:16 18:28
Figure C.l. The dark experiment at 15°C with a sealing covering the exposed soil to the 
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18:43 19:12 19:40 20:09 20:38
Time (EST)
21:07 21:36 22:04
Figure C.2. The dark experiment at 15°C without the sealing covering the exposed soil to 
the chamber on April 25,2004. The data used are highlighted in the square box
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C.l Sample calculation for temperature, chamber blank and chamber air leakage 
correction
1. Temperature correction
The flow rate used in all the chamber experiments was =10.75 L/min.
As the flow meter was calibrated for 25°C, the indicated flow rate at other 
temperatures was corrected using:
@25°c _  V 2 5  +  2 7 3  ^
Qr c  V r + 2 7 3
For our case, the temperature used for leakage correction was = 15°C.
So, the corrected flow rate = 10.75XV(288/298) (using equation C.l)
Equation C.l was also used to calculate the flow rate at other temperatures.
2. Sealed DFC
Figure C.3. The schematic of the mass balance for the sealed DFC
Here, Q is the flushing flow rate, C jni and C outi are the inlet and DFC outlet air Hg 
concentrations, respectively, FSOii and Fdfc are the flux from the soil and the DFC’s wall, 
respectively and Asou and Adfc are the area of the soil surface and DFC’s walls, 
respectively.
From steady state mass balance:
= 10.57 L/min.
^ 3  F blank, Adfc
126
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QCoutl QCinl "F FsoilAsoj] +  F  blankAoFC
Q(C0Utl " Cjnl) FsoilAgoil "F FblankADFC
QCseal FA [Let, Coutl " Cinl Cseal and FSoilASoil ~F FblankADFC FA] 




^ 3  Fbiank, Adfc
Qleak) CenvchQ S
Figure C.4. The schematic of the mass balance for the unsealed DFC
Here, Ci„2 and Cout2 are the inlet and DFC outlet air Hg concentrations, respectively, 
Qieak is the leakage flow rate of the air from the environmental chamber and Cenvch is the 
Hg concentration in the environmental chamber. Fsoii and Fbiank are assumed to be same as 
sealed experiment.
From mass balance:
QCout2 — QCjn2 ~F FsoiiAsoil "F FblankADFĈ QleakCenvch 
Q(Cout2 ” Cjn2) — FA + QleakCenvch
QleakCenvch — QCno seal — FA [Here, C0ut2 Cin2 Cno seal]
Qleak — (QCno seal —FA)/ Cenvch
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4. Blank
Q , C 0ut3
Q ,  C jn3
Fbiank, A d f c
Figure C.5. The schematic of the mass balance for the DFC blank
Here, C;n3 and Cout3 are the inlet and DFC outlet air Hg concentrations, respectively. 
Fbiank and A d f c  are the same as sealed experiment.
From mass balance:
Q Cout3 =  Q C j„3  +  FblankA D FC  
FblankADFC — Q C out3 ” Q C jn3
— Q Cblank [Let Cout3 " Cin3 — Cblank]
= (10.57 L/min)(0.2719 ng/m3)(10'3 m3/L)(60 min/hr)
= 0.17 ng/hr
5. Experimental value correction
Here the result for the dark experiment at 15°C is shown as an example.
Q , C out, 15
Q , Cin, 15
Fbiank, A d f c  
Q leak, Cenvch
Figure C.6. The schematic of the mass balance around the DFC for the experimental 
value correction
128
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All symbols used in Figure C.6 represent the same parameters as the unsealed 
experiment.
Qieak and Fbiank are assumed constant.
From mass balance:
QCout,15 — Q Cin,15 Fsoil,15Asoil FblankA oFC^QleakCenvch 
Fsoil,15ASoil — Q ( C 0uU 5 “ C |n,15) " FbiankA q fC ” QleakCenvch 
Fsoil,15 — {Q (Cout,15 “ Cin,15) “ FblankAoFC '  QleakCenvch} /Asoil
= {(10.57 L/min)(23.03 ng/m3)(10'3 m3/L)(60 min/hr) -  (0.17 ng/hr)
- (2.272 L/min)(60 ng/m3)(10'3 m3/L)(60 min/hr)}/(0.07296 m2)
= 85.75 ng/m2/hr
Therefore, the mercury flux for the dark experiment at 15°C is 85.75 ng/m2/hr.
C.2. The accuracy of calculated air-soil mercury flux (F):
The average of DFC outlet TGM concentration = 7.7 ng/m3 
The average of ambient TGM concentration = 5.9 ng/m3 
The average flow rate =10.75 L/min
The percentage (%) of error associated with TGM concentration measurements and flow
rate are 2% and 3%, respectively.
c 0/ ,  . „ 10.75 + 3% (7.7±2% -5.9±2% )So, the % of accuracy in flux = --------------  —------------------ -
= 10.75 ±3% (1.8± 0.27)
= 10.75 ±3% (1.8± 15%)
So, the total percentage of error is = 18%
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•  Cone. diff. (cake pan-am b) 
▲ T soil 
□  T air
16:48 17:16 17:45 18:14 18:43 19:12 19:40 20:09 20:38 21:07 21:36
Time (ESI)
Figure C.l. The dark experiment at 15°C with the chamber air as the inlet air to the DFC 
on April 28, 2004. The data are not used in the analysis
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APPENDIX D
CHAMBER PERFORMANCE















1 5.2 5 5.9 5.8 5.6 5.6 5.6
1.5 5 5 5.7 5.6 5.6 5.6 5.4
1 7 7 7.3 7.3 7.3 7.3 7.3
1.5 7.2 7 7.5 7.5 7.5 7.6 7.5
0.5 8 8 8.3 8.4 8.3 8.4 8.3
1 8.1 8 8.6 8.7 8.4 8.4 8.3
0.5 10.1 10 10.3 9.9 9.9 10 9.8
1 10.4 10 9.1 8.9 8.4 8.4 8.1
1.5 10.1 10 10.5 10.3 10.2 10.3 10.1
2 10 10 10.5 10.4 10.5 10.4 10.3
0.5 15.1 15 15.3 15 14.8 15 14.8
1.5 15.2 15 15.8 15.5 15.4 15.4 15.4
0.5 20 20 19.8 19.8 19.8 19.9 19.9
1 20.1 20 19.8 19.9 19.9 19.9 19.9
0.5 25 25 24.5 24.4 24.5 24.3 24.2
1 25 25 24.6 24.6 24.7 24.6 24.6
0.5 25 25 24.2 24.3 24.2 24.4 24.4
1 25.1 25 24.5 24.6 24.6 24.7 24.7
0.5 30.1 30 29.6 29.3 29.1 29.2 29.2
1 30 30 29.6 29.6 29.6 29.6 29.6
1.6 30 30 29.8 29.8 29.7 29.7 29.8
Hour: The time passed after setting the chamber at desired temperature, T1 to T5: air 
temperatures recorded by the thermocouples with the distance (in braces) from the base 
of the chamber
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12:00 12:28 12:57 13:26 13:55 14:24 14:52 15:21 15:50 16:19 16:48
Time (EST)
Figure D.l. The response of surface soil temperature with two MH 1000 W bulbs. The 
chamber set at -5°C









14:24 15:36 16:48 18:00 19:12 20:24 21:36 22:48
Time (EST)
Figure D.2. The response of surface soil temperature with three MH 1000 W bulbs. The 
chamber set at -5°C
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APPENDIX E
REFLECTOMETER COMPARISON
Table E.l. Comparison of the CS 615 soil moisture content reflectometer data for various 






after CS 615 Taken 
out and reinserted 
(%vol/vol)
Moisture content 
after the top layer 









1 6.40 6.50 6.70 6.53 0.15
2 12.70 10.40 10.70 11.27 1.25
3 23.90 18.73 21.52 21.38 2.58
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APPENDIX F
MERCURY CONCENTRATION DATA FOR SOIL AND SNOW SAMPLES
Table F .l . Soil mercury content for the chamber and field study





April 8, 2004 Chamber soil, surface 69 64 6.4
April 17, 2004 Chamber soil, surface 69
to find out the effect of UV
radiation on soil Hg
April 17, 2004 Chamber soil, 6~10 mm depth 62
to find out the effect of UV
radiation on soil Hg
April 19, 2004 Chamber soil, surface 56
May 25, 2004 Field soil 66 54 16
May 25,2004 Field soil, duplicate 43
Table F.2. Mercury content in snow samples
Date Sample Sample volume Hg content Mean snow S.d
(ml) (ng/l) Hg (ng/l)
January 31,2004 Snow 3.4 255 175 75.2
January 31, 2004 Snow, duplicate 2.2 164
February 3, 2004 Snow 3.7 106
134
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX G 
DFC TRANSMISSIVITY AND IL 1700 FILTER DATA
Table G.l. The data used for transmissivity of the DFC for total, UV, visible and Infrared 
radiation













1120 400 534.0 75 6.1 8.1 75
1320 620 710.0 87 6.3 9.9 63
1500 113 124.0 91 4.5 6.8 66




Table G.2. The data for the filters used in IL1700 research light meter
Name of the filter Permissible range of wavelengths (nm) Used to measure
F#8275 250 ~ Total radiation
UVA#8309 300 ~ 390 UV radiation
Y#8299 440 ~ 730 Visible radiation
TFRED#8308 685 ~ 1000 Infra red radiation
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EFFECT OF FLOW RATE
12 -
a Cone. diff. at 10 L/min 
■ Cone. diff. at 5 L/min 
“ *” Poly. (Cone. diff. at 10 L/min) 
■■“ Poly. (Cone. diff. at 5 L/min)
R = 0.8363
R = 0.9769
8:24 9:36 10:48 12:00 13:12 14:24 15:36 16:48 18:00 19:12
Time (EST)
Figure H.l. Effect of flow rate on mercury flux on February 8, 2004
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